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PREFACE 


HO ee 


Txuis book has been written primarily for use at Cornell 
University and similar institutions. In this university the 
classes in calculus are composed mainly of students in engi- 
neering for whom an elementary course in the Integral Calculus 
is prescribed for the third term of the first year. Their pur- 
pose in taking the course is to acquire facility in performing 
easy integrations and the power of making the simple applica- 
tions which arise in practical work. While the requirements 
of this special class of students have been kept in mind, care 
has also been taken to make the book suitable for any one be- 
ginning the study of this branch of mathematics. The volume 
contains little more than can be mastered by a student of 
average ability in a few months, and an effort has been made 
to present the subject-matter, which is of an elementary char- 
acter, in a simple manner. 

The object of the first two chapters is to give the student 
a clear idea of what the Integral Calculus is, and of the uses 
to which it may be applied. As this introduction is somewhat 
longer than is usual in elementary works on the calculus, some 
teachers may, perhaps, prefer to postpone the reading of sev- 
eral of the articles until the student has had a certain amount 

Sof practice in the processes of integration. It is believed, how- 

,o ever, that a careful study of Chapters I., II., will arouse the stu- 

x dent’s interest and quicken his understanding of the subject. 

* There may be some difference of opinion also as to whether 
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the beginner should be introduced to the subject through 
Chapter I. or through Chapter I. The decision of this ques- 
tion will depend upon the point of view of the individual teacher. 
So far as the remaining portion of the book is concerned it is 
a matter of indifference which of these chapters is taken first; 
and, with slight modifications, they can be interchanged. In 
Chapter III. the fundamental rules and methods of integration 
are explained. Since it has been deemed advisable to intro- 
duce practical applications as early as possible, Chapter LV. is 
devoted to the determination of plane areas and of volumes of 
solids of revolution. The subject of Integral Curves, which is of 
especial importance to the engineer, is treated in Chapter XII. 

Many of the examples are original. Others, especially some 
of those given in the practical applications, by reason of their 
nature and importance, are common to all elementary courses 
on calculus. In several instances, examples of particular interest 
have been drawn from other works. 

A list of lessons suggested for a short course of eleven or 
twelve weeks is given on page vill. This list has been arranged 
so that four lessons and a review will be a week’s work. 

It is hardly possible to name all the sources from which the 
writer of an elementary work may have obtained suggestions 
and ideas. I am especially conscious, however, of my indebted- 
ness to the treatises of De Morgan, Williamson, Edwards, 
Stegemann and Kiepert, and Lamb. 

To my colleagues in the department of mathematics at 
Cornell University, I am under obligations for many valuable 
criticisms and suggestions. Both the arrangement and the 
contents have been influenced in a large measure by our con- 
ferences and discussions. As originally projected, the volume 
was to have been written in collaboration with Dr. Hutchinson, 


but circumstances prevented the carrying-out of this plan. 
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Chapters V., VI., in part, and Articles 28, 73, in their entirety, 
have been contributed by him. My colleagues have aided me 
also in correcting the proofs. 

From Professor I. P. Church of the College of Civil Engi- 
neering and Professor W. F. Durand of the Sibley College of 
Mechanical Engineering, I have received valuable suggestions 
for making the book useful to engineering students. Pro- 
fessor Durand kindly placed at my disposal, with other notes, 
his article on “Integral Curves” in the Sibley Journal of 
Engineering, Vol. XI., No.4; and Chapter XII. is, with slight 
changes, a reproduction of that article. I take this oppor- 
tunity of thanking Mr. A. T. Bruegel, Instructor in the kine- 
matics of machinery, and Mr. Murray Macneill, Fellow in 
mathematics in this university, the former for the interest 
and care taken by him in drawing the figures, the latter for 
his assistance in verifying examples and reading proof sheets. 


D. A. MURRAY. 


CorNELL UNIVERSITY. 
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CHAPTER I 
INTEGRATION A PROCESS OF SUMMATION 


1. Uses of the integral calculus. Definition and sign of integration. 
The integral calculus can be used for two purposes, namely : 

(a) To find the sum of an infinitely large number of infinitesi- 
mals of the form f(x) dx; 

(b) To find the function whose differential or whose differential 
coefficient is given; that is, to find an anti-differential or an anti- 
derivative. 

The integral calculus was invented in the course of an en- 
deavor to calculate the plane area bounded by curves. The area 
was supposed to be divided into an infinitely great number of 
infinitesimal parts, each part being called an element of the area; 
and the sum of these parts was the area required. The process 
of finding this sum was called integration, a name which implies 
the combination of the small areas into a whole, and hence the 
sum itself was called the whole or the integral. 

From the point of view of the first of the purposes just indi- 
cated, integration may be defined as a process of summation. In 
many of the applications of the integral calculus, and, in particu- 
lar, in the larger number of those made by engineers, this is the 
definition to be taken. On the other hand, however, in many 
problems it is not a sum, but merely an anti-differential, that is 
required. For this purpose, integration may be defined as an 
operation which is the inverse of differentiation. It may at once be 
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stated that in the course of making a summation by means of the 
integral calculus it will be necessary to find the anti-differential 
of some function; and it may also be said at this point, that the 
anti-differential can be shown to be the result of making a sum- 
mation. Each of the above definitions of integration can be de- 
rived from the other. These statements will be found verified in 
Arts. 4, 11, 13. 

In the differential calculus, the letter d is used as the symbol 
of differentiation, and d f(@) is read “the differential of f(@).”” In 


the integral calculus the symbol of integration is * f ,and Hb S(&) da 


is read “the integral of f() dw.” The signs d and | are signs of 
operations; but they also indicate the results of the operations 
of differentiation and integration respectively on the functions 
that are written after them. 

The principal aims of this book are: (1) to explain how sum- 
mations of infinitesimals of the form f(w)dx may be made; (2) to 
show how the anti-differentials of some particular functions may 
be obtained. . 


2. Illustrations of the summation of infinitesimals. Two simple 
illustrations of the summation of an infinite number of infinitely 
small quantities will now be given. They will help to familiarize 
the student with a certain geometrical principle and with the 
fundamental theorem of the integral calculus, which are set forth 
in Arts. 3,4. The method employed in these particular instances 
is identical with that used in the general case which follows them. 


* This is merely the long S, which was used as a sign of summation by 
the earlier writers, and meant ‘‘ the sum of.’’ The sign | was first employed 
in 1675, and is due to Gottfried Wilhelm Leibniz (1646-1716), who invented 
the differential calculus independently of Newton. The word integral ap- 
peared first in a solution of James Bernoulli (1654-1705), which was pub- 
lished in the Acta Hruditorum, Leipzig, in 1690. Leibniz had called the 
integral calculus calculus swnmatorius, but in 1696 the term calculus in- 
tegralis was agreed upon between Leibniz and John Bernoulli (1667-1748). 
See Cajori, History of Mathematics, pp. 221, 237. 


Ng INTEGRATION A PROCESS OF SUMMATION 3 


(a) Find the area between the line whose equation is y= ma, 
the x-axis, and the ordinates for which # = a, a= b. 

Let OL be the line y= ma; let OA be equal to a, and OB to b, 
and draw the ordinates AP, BQ. It is required to find the area 
of APQB. Divide the segment AB into n parts, each equal to 


Ax; and at the points of section Aj, Ay, ---, erect ordinates A,P,, 
A,P» -+-, which meet OL in P,, P,, ---. Through P, Py, Py +++, Q, 
draw lines parallel to the axis of w and intersecting the nearest 
ordinate on each side, as shown in Fig. 1, and produce PB, to 
meet BQ in C. 

It will first be shown that the area APQB is the limit of the 
sum of the areas of the rectangles PA,, P,A,, ---, when n, the 
number of equal divisions of AB, approaches infinity, or, what 
is the same thing, when Aw approaches zero. The area APQB 
is greater than the sum of the “inner” rectangles P.A,, P, Ay, ---; 
and itis less than the sum of the “outer” rectangles AP,, A,P,, ++: 
The difference between the sum of the inner rectangles and the 
sum of the outer rectangles is equal to the sum of the small rec- 
tangles PP,, P,P», -- 

The latter sum is equal to 


BP, Aa + B,P, Ax + +++ + B,QA2; 
that is, to (BP, + BP, +--+ + B,Q) Aw, which is CQ Az. 
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This may be briefly expressed, 

SAP, — 3PA, = PP, 
= CQ Aw. 

When Az is an infinitesimal, the second member of this equa- 
tion is also an infinitesimal of the first order; therefore, when Ax 
is infinitely small the limit of the difference between the total areas 
of the inner and of the outer rectangles is zero. The area APQB 
lies between the total area of all of the inner and the total area 
of all of the outer rectangles. Hence, the area APQB is the 
limit both of the sum of the inner rectangles and of the sum of 
the outer rectangles as Aw approaches zero. Each elementary 
rectangle has the area y Aa, that is mawAw, since y= mx. The 
altitudes of the successive inner rectangles, going from A towards 
B, are ma, m (a+Aa), m(a+ 2 Ax), +++, m(a+(r—1) Ax). Hence, 
Area APQB = limit,,.>m{a Aw +(a+ Ax) Av+(a+2 Ax) Av+ «- 

+(a +n” — 1 Ax) Aw}* 
= limit,,.ymjfa+(a + Aw)+(a + 2 Aw)+ + 


+(a+n—1Ax)} Aa. 


Addition of the arithmetic series in brackets gives 
Area APQB = limit, 29 {2a+(n —1) Ag} 


= limity,29™ = (b+ a— Ael, since nAw=b—a, 


* The symbol Ax=0 means ‘‘ when Ax approaches zero as a limit.’? It is 
due to the late Professor Oliver of Cornell University. 
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In this example the element of area is obtained by taking a 
rectangle of altitude y, that is, ma, and width Aw, and then letting 
Aw become infinitesimal. “ 

The expression n = o may be used instead e Ae a=), ines 

Pep 


0, cia 


It may be noted in passing, that if the anti-differential of mada, 


the 


difference between the resulting values will be the expression 
obtained above. 

(0) Find the area between the parabola y = 2’, the w-axis, and 
the ordinates for which «= a, «= b. 

Let Q,0Q be the parabola y = 2’; let OA -be equal to a, and OB 
to b. Draw the ordinates AP, BQ. It is required to find the 
area APQB. Divide the segment AB into n parts each equal to 


v7 


O ater Anpiers Bo 
IGS 2: 


Aw, and at the points of division A,, Ay, ---, erect ordinates A,P,, 
A,P,,++-. Through P, P,, P.,---, draw lines parallel to the axis 
of x and intersecting the nearest ordinates on each side, as in 
Fig. 2. It can be shown, in the same way as in the previous illus- 
tration, that the area APQB is equal to the limit of the sum of 
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the rectangles PA,, P,A,, ---, P,.B, when Ax approaches zero. 
This area will now be calculated. 

The. area of any elementary rectangle is yA, that is 2 Az, 
since y = #; and the altitudes of the successive rectangles, going 
from A toward B, are a’, (a+ Az)’, (a+ 2 Aza)’, ---. Hence, 


Area APQB = limit,,-){@Au+(a+ Ax)’ Aw +(a+2 Aw)? Ax 4+ --- 
+(a+n—1Az)Azx} 
= limit,,.){a’+(a+ Ax)’?+ (a + 2 Ax)? + --- 
+(a+n—1Aax)}Aa 
= limit,,..{na? + 2aAc(1+24+3+4-..4+n—1) 
+ (Aa)*(1?-+ 2? + 37+... 4.0 —1)} Aa, 


It is shown in algebra that the sum of the squares of the first 


m navural numbers, 17, 27, 37, -:*) 7%, is mM + oe a > ~The 


application of this result to the sum of squares in the second 
member of the last equation and the summation of the arith- 
metical series 1, 2, 3,--- (n —1), gives 


Area APQB = limit,,.>n Ax ; a + an Av —ada 


ie ce ee 
+ (aay Ot 
But nAz=b—a; 


2 
and hence, a?+ anAuv+ e (Aa)? = 4(a? + ab + B’). 


2 2 
Hence, APQB= limit,,..(6—@) ; eee ke 


+ 5(An)— z a Zac} 
b3 a’ 


2-3. ] INTEGRATION A PROCESS OF SUMMATION 7 


In this example, the element of area is obtained by taking a 
rectangle whose area is Aw and then letting Aw be an infinitesi- 
mal. Here also, it may be noted in passing, that if the anti- 


23 
differential of «dw, namely 2, be taken, and b and a substituted 
vo 


in turn for w, the difference between the resulting values will be 
the expression just derived for the area. 


3. Geometrical principle. Let f(x) be a continuous function 
of x, and let PQ be an are of the curve whose equation is 


vs 


Fie. 3. 


y=f(«). Draw the ordinates AP, BQ, and suppose OA =a, 
OB=b. It is required to find the area APQB; that is, the 
area between the curve, the w-axis, and the ordinates AP, BQ. 

Divide the segment AB into n parts, each equal to Aa, and at 
the points of section .A,, Ay, ---, erect the ordinates A,P;, AP, +: 
to meet the curve in P,, P,,---. Through P, P,, P+, draw 
lines parailel to the a-axis and intersecting the nearest ordinate 
on each side, as in Fig. 3, and produce PB, to meet BQ in C. 

Tt will now be shown that the area APQB is the limit of the 
sum of the areas of the rectangles PA,, P,A,, -+-, when the num- 
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ber of equal divisions of AB is made infinitely great, that is, when 
Ax is made infinitely small. The area APQB is greater than the 
sum of the areas of the inner rectangles PA, P,A,, ---, and less 
than the sum of the areas of the outer rectangles AP,, A,P,, ---. 
That is, 

IPA, < APQB <SP A. 


The difference between the sum of the outer rectangles and the 
sum of the inner rectangles is equal to the sum of the small 
rectangles PP,, P,P,, +++; that is, 


>P,A — 3PA, = SPP, 
= B,P,Ax + B,P,Av +--+ B.QAx 
= (B,P, + B,P, + ++ + B,Q)Ax 
= CQ Ax. 


The difference, CQ Aa, can be made as small as one pleases by 
decreasing Aw. Therefore, since the area of APQB always lies 
between the areas of the inner and outer series of rectangles, 
and since the difference between these areas approaches zero as 
its limit, the area APQB is the lhmit both of the sum of the 
inner rectangles, and of the sum of the outer rectangles. 

Therefore, the area included between the cwirve whose equation is 
y =f(@), the x-axis, and a patr of ordinates, is the limit of the sum 
of the areas of the rectangles whose bases wre successive segments of 
the part of the x-axis intercepted by the pair of ordinates, and whose 
altitudes are the ordinates erected at the points of division of the 
x-axis, as the bases approach zero. 


4. Fundamental theorem. Definite integral. Since the equa- 
tion of the curve, an arc of which is given in Fig. 3, is y= /(@), 
the heights of the successive inner rectangles, going towards the 
right from A, are 


J@, fat Ax), fa+2A2), +, f(a +(n—1) Az). 
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Hence, 
Area APQB = limitaz =o { f(a) Aw + f(a + Aa) Ax 
+ f(a + 2 Aw) Aa +++ + f(a+n—1Ax) Act. (1) 


The second member of (1) is the limit of the sum of the 
values, infinite in number, that f(w)Aw takes as @ varies by 
equal increments Ax from «=a to x=), when Aw is made 
infinitesimal. This limit may be indicated by 


a2=b 


Limity,20 ) /(@) Ae. 
e=a 
In the integral calculus this is more briefly indicated by 
prefixing to f(a) dw the sign ip at the bottom and top of which 


are respectively written the values of « at which the summa- 
tion begins and ends; thus: 


tr (a) da. 


An abbreviation for this form is 


f F(a) dae. (2) 


This is read, “the integral of f(#)dax between the limits 
a and 6.” The initial and final values of x, namely, a and 8, 
are called the lower and upper limits respectively of the inte- 
eral.* The differential f(a) dx is called an element of the 
integral. It evidently represents the area of any one of the 
component infinitesimal rectangles of altitude f(#) and infini- 
tesimal base dw. In the same way that da is a differential of 


* This manner of indicating the limits between which the summation 
is to be made by writing the lower limit at the bottom and the upper 
limit at the top of the integration sign, is due to Joseph Fourier 
(1768-1830), 
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the distance along the a-axis, so f(a) dx, or y da, as it is usually 
written, is a differential of the area between the curve and 
the axis of a. 

The limit of the sum in the second member of (1), which is 
indicated by the symbol (2), will now be obtained. Suppose 
that f(@)dx is dd(a), that is, suppose that ¢(#) is the anti- 
differential of f(«)dw. Then, by the fundamental principle of 
the differential calculus, 


Ea Ve) Se 


in which e is a quantity that varies with « and approaches 
zero when Aw approaches zero. On clearing of fractions and 
transposing, the latter equation becomes 


S (&) Ax =  (@ + Ax) — p(w) — e Am. (3) 


On substituting in (3) the values of a at the successive 
points of division between A and B at intervals equal to Aa, 
the following equations are obtained : 


F(@) Ax = $ (G+ Ax) — (a) — Aa, 
SF (a+ Av) Av = (a+ 2Ax) — $ (a + Ax) — e, Aa, 
S(a+2Ax) Av= (a+ 3Ax) — o(a+2 Az) — @, Ag, 
So — Ax) Ax = $(b) — $ (0 — Az) — @,_, Aa, 


in which each of the e’s approaches zero when Aw approaches 
zero. The sum of the first members of these equations is 
equal to the sum of the second members; that is, 


SY /@ae = $(b) — h(a) — (@& +e + +++ + en1) Am. 


Of the quantities ¢, @, +++ @,_1, suppose that e, has an absolute 
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value H not less than that of any one of the others. If Z is 
substituted for each of the e’s, the term 


(yo +.€: + +++ +, 1) Aw 
becomes nE Aa, or (6 — a) E, 
since nAv=b—a. Hence, 


a quantity which is not greater 
than (> — a) #, and which ap- 


z2=b 

Sy F(a) Ax = (0) — (a) — proaches zero when EF ap- 

ema proaches zero, that is, when 
Aw approaches zero. 


Therefore, on letting Ax approach zero, there will be obtained, 


f7@ da = 6(b) — 6 (a). 


Hence, the sum or integral, { : (x) dx, which is the sum of all the 
values, infinite in number, that F(a) dx takes as x varies by infinites- 
imal increments from a to b, is found by obtaining the anti-differ- 
ential p (@) of f(x) dx, and subtracting the value of $(«) for«=a 
from its value forzx=b. The following notation is used to indi- 
cate these operations: 


fio w= E @ |= $0) — g(a) (4 


* It will be shown in Art. 9, that if dp(#) = f(x) dx, the anti-differential 
of f(@) dx is  («) + ¢, in which c is an arbitrary constant. Hence, equation 
(4) should be written 


b b 

{,1@@=|¢@ +e]: 

a a 
Since the same c is used when a and } are substituted for x, this becomes 


(1@ de = 90) -9@, 


as above. 
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The sum f S J (@) dx is called a definite integral because it has a 
definite value, the limit of the series in the second member of 
(1). Since the evaluation of this definite integral is equivalent 
to the measurement of the area between the curve y = f(a), the 
w-axis, and the ordinates at «=a, «=, the area may be regarded 
as representing the integral. It follows from the result (4) that 
a definite integral may be regarded as either: 

(1) The limit of the sum of an infinitely large number of infini- 
tesimal quantities of the form f(«)da taken between certain 
limits; or, 

(2) The difference of the values of the anti-differential of 
f(@)dx at each of these limits. 

If f(x) is any continuous function of a, f(a) da has an anti-differ- 
ential.* However, the deduction of the anti-differential is often 
impossible, and in any case, is less simple and easy than the 
process of differentiation.T 

Many of the practical applications of the integral calculus, 
such as finding areas, lengths of curves, volumes and surfaces of 
solids, centers of gravity, moments of inertia, mass, weight, etc., 
consist in making summations of infinitely small quantities. The 
integral calculus adds these infinitesimal quantities together 
and gives the result. It has been observed that in order to 
obtain the sum of infinitesimal areas, ete., the anti-differential 
of some function is required. Accordingly, a considerable part of 
any book on the integral calculus is devoted to the exposition of 
methods for obtaining the anti-differentials of functions which 
frequently appear in the process of solving practical problems. 


* The truth of this statement, for all the ordinary functions, will appear 
in the sequel. A proof applicable to all forms of continuous functions is 
given in Picard, Traité d’ Analyse, t. I., No. 4. 

{+ The phrase ‘‘to find the anti-differential’? means to deduce a finite 
expression for the anti-differential in terms of the well-known mathematical 
functions. In cases in which the anti-differential cannot be thus obtained, an 
approximate value of the definite integral can be found by the methods dis- 
cussed in Arts. 84-88. A short inspection of these articles may be made now 
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S. Supplement to Art. 3. In proving the principle of Art. 3, 
the are PQ in Fig. 3 was used. If the are of the given curve 
has the form and position in Fig. 4, the proof of the principle 
is as set forth in Art. 3. If the arc has the form and position in 


Q 
P. 
O| A B as 
Fie. 4. Fra. 6. 


Fig. 5, and thus has maximum and minimum values of the 
ordinate, the principle still holds. This can be seen by drawing 
the maximum and minimum ordinates that come between AP 
and BQ, and remarking that the principle holds for the several 
successive parts APP,A,, A,P,P,A, «+. 

Suppose that the curve has the form and position in Fig. 6. 
The area of the part APA, is the limit of the sum of the ele- 
mentary areas f(x) Aw when Aw approaches zero and @ varies 
from OA to OA,; or, in other words, the area of APA, is the 
limit of the sum of the elementary areas f(#) daw as « varies from 
OA to OA;. Similarly, the area of A, 7A, is the limit of the sum 
of the elementary areas f(x) dx as x varies from OA, to OA,, and 
the area A,QB is the limit of the sum of the elementary areas 
f(a)dx as « varies from OA, to OB. In APA, and A,QB, the 
ordinates that represent the values of f(#) are positive, while in 
A,TA, the ordinates are negative. Since x is taken as varying 
from left to right, dx is always positive. Accordingly, areas sucn 
as APA,, A,QB, which lie above the a-axis, have a positive sign, 
and areas such as A,7'A,, which lie below the w-axis, have a neg- 
ative sign. This example shows that in the case of a curve that 
crosses the a-axis, the method of summation by means of the 
integral calculus gives the algebraic swm of the areas that lie 


‘ 
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between the curve and the a-axis, the areas above the a-axis 
being given a positive sign, and those below receiving a nega- 
tive sign. 

If the total absolute area between the curve and the axis of 
x is required, the portions APA,, A,7'A,, A,QB, should be found 
separately. 


Norr. If is a constant not equal to — 1, the anti-differential of w*du is 
Ue 


7 ; for, differentiation of the latter gives w'dw. 
nm + 


Ex. 1. Find the area between the curve whose equation is y = #, the 
x-axis and the ordinates for which « =1, «= 4. 


By Art. 4, the area required = (ie da 
a 


= 63% units of area. 


Ex. 2. Find the area between the parabola 2y = 522, the x-axis and the 
ordinates for which « = 2, “= 5. Ans. 974 square units. 


Ex. 8. Find the area between the line y = 44, the x-axis and the ordi- 
nates for which 7 = 2) a= 11. Ans. 234 square units. 


Ex. 4, Find the area between the parabola 2y = 32, the x-axis and the 
ordinates for which « =— 3, «=5. Ans. 76 square units. 


Ex. 5. Find the area between the line y = 5, the z-axis and the ordinate 
for which x = 2. Ans. 10 square units. 


Ex. 6. Find the area between the line y = 54, the x-axis and the ordinates 
Tor awhichia 2a — os Ans. 0. 


6. Geometrical representation of an integral. It is necessary to 
perceive clearly that a definite integral, whether it be the sum 
of an infinite number of infinitesimal elements of area, length, 
volume, surface, mass, force, work, etc., can be represented graphi- 
cally by an area. For instance, in order to represent the definite 


integral ' 
fro 
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choose a pair of rectangular axes, plot the curve whose equation 
is 
y=f(@), 


and draw the ordinates for s=a,x=b. It has been shown in 
Art. 4 that the area between this curve, the a-axis, and these 
ordinates has the value of the definite integral above. Hence, 
this area can represent the integral. This does not mean that 
the area is equal to the integral, for the integral may be a length, 
a volume, etc. The area can be taken to represent the integral, 
because the number that indicates the area is equal to the nwmber 
that indicates the value of the integral. That an integral may 
be represented geometrically by an area is at the foundation 
of some important theorems and applications of the integral 
calculus. 


7. Properties of definite integrals. In Art. 4 it was shown that if 


dg (&) _ 
Coe =f(#), 


the definite integral, iP (x) da = (b) — o(a). 


From this, the first of the following properties is immediately 
deducible. The second and third properties depend upon Art. 6. 


b a 
(a) { fa)dv=— {"r(@)ae. 
This relation holds since the second member is — {¢(a)—#(b)}; 


that is, (0) — ¢(a). Hence, the algebraic sign of a definite inte- 
gral is changed by an interchange of the limits of integration. 


(bd) {7 dx =(7@) da +f s(o) da. 


Let the curve whose equation is y=/(#) be drawn; and 
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let ordinates AP, BQ, CR be erected at the points for whick 
Dh w=, We, MNOS 


area APQB = area APRC 
+ area CRQB, 


[7 de Se dx + fF) ae 


It does not matter whether c¢ is 


Re 
rp & 


Gees © Box between a and 6 or not. For, sup- 
Fra. 7. pose OC'=c', and draw the ordi- 
nate C'R'; then 


area APQB = area APR'C' — area BQR'C'; 
and hence, f S(@) da = i “t(2) da — f f (x) de, 
a a 6 


which, by (a), = sf. “t(2) da + ff ; S (&) da. 


Therefore a given definite integral may be broken up into any 
number of similar definite integrals that differ only in the limits 
between which integration is to be performed. 


(c) Construct APQB as in (6) to represent the definite integral 
i i («) da. Then 


b 
ft J (x) dx = area APQB 
= area of a rectangle whose 
height CR is greater 
than AP and less than 
BQ, and whose base 
is AB, 
=AB-OR 
Pie. 8 =(-af(), 
OC being equal to c. 
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b 
Therefore f (= 
a 


F(a) de 
oS 

The function f(c) is called the mean value of f(x) for values of 
x that vary continuously from a to 6. This mean value may be 
defined to be equal to the height of a rectangle which has a base 
equal to b —a and an area that is equivalent to the value of the 
integral. The subject of mean values is discussed further in 
Arts. 76, 77. 


CHAPTER II 
INTEGRATION THE INVERSE OF DIFFERENTIATION 


8. Integration the inverse of differentiation. In Art. 1, two 
definitions of integration were indicated, namely: 


(a) Integration is a process of summation ; 

(b) Integration is an operation which is the inverse of differen- 
tiation. 

The first definition was discussed in Chapter I. In this and 
the next following article, integration will be considered from the 
point of view of the second definition. 

The differential calculus is in part concerned with finding the 
differential or the derivative of a given function. On the other 
hand, the integral calculus is in part concerned with finding the 
function when its differential or its derivative is given. If a 
function be given, the differential calculus affords a means of 
deducing the rate of increase of the function per unit increase of 
the independent variable. If this rate of increase of a function 
be known, the integral calculus affords a means of finding the 
function. 


Ex. 1. A curve whose equation is y = 4 x? is given ; and the rate of increase 
of the ordinate per unit increase of the abscissa is required. 


Since y =422, 
‘i = 8x. 
da 


This means that the ordinate at a point whose abscissa is x is increasing 8x 
times as fast as the abscissa. If this rate of increase remains uniform, the 
ordinate will receive an increase of 8a when the abscissa is increased by 
unity. This determines the direction of the curve at the point. 

18 
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On the other hand, suppose that at any point on a curve, it is known that 


ay = 8 X, 
da 
and let the equation of the curve be required. It evidently follows from this 
equation that 
YS 4 42 =e C; 
in which ¢ is an arbitrary constant. The constant ¢ can receive any one of 
an infinite number of values ; and hence, the number of curves that satisfy 
the given condition is infinite. If an additional condition be imposed, for 
example, that the curve pass through the point (2, 3), then ¢ will have a 
definite corresponding value. For, since the point (2, 3) is on the required 
curve, 
38 = 4.224 ©, 
and accordingly, Gis igh 


Hence, the equation of the curve that satisfies both of the conditions above 
given is 
y = 4a? — 13. 


Ex. 2. In the case of a body falling from rest under the action of gravity, 
the distance s through which it falls in ¢ seconds is a constant, approximately 
16 times @ feet ; find the velocity at any instant. 


Here, S= 1677, 
ds 

and hence eS Bie 

v] dt d 


that is, the velocity * in feet per second at the end of ¢ seconds is 82 ¢. 

On the other hand, suppose it is known that in the case of a body falling 
from rest, the velocity in feet per second is 32 multiplied by the time in 
seconds since motion began. Let the corresponding relation between the 
distance and the time be required. 


Here, it is known that e = Bip 


* Tf a body moves in astraight line through a distance As in a time At, and 
if its average velocity be denoted by v, 


As 
es 
At 
As At approaches zero, As also approaches zero, and the velocity approaches 
the definite limiting value &. 
d 
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It is obvious that the solution of this simple differential equation is 
@) s=162+ ¢, 
in which c is an arbitrary constant. This result is indefinite. By the condi- 
tions of the question, however, s = 0 when ¢= 0. 


Hence, substituting in (1), O=0+46¢; 
whence, CS0; 


and s= 16? 
is the definite solution. 


The distance through which the body falls can also be deter- 
mined by the method of summation employed in the first chapter. 
Let the number 32 be denoted by g. The distance passed over in 
any time is equal to the product of the average velocity during 
that time and the time. The time ¢ may be divided into n equal 
intervals At, so that t=nAt. The velocity at the beginning of 
the 7th interval is (7 —1)g At, and at the end of the interval is 
rg At. Hence, the distance passed over in the interval lies between 


(r — 1) 9 (Ad)? and rg (At). 


On finding similar limits for the distance passed over in the 
ease of each of the intervals and adding, it will be found that the 
total distance passed over lies between 


[(0+1+4+24---+(n—1)]g(Ad? and (14+ 2+4.--- +n] 9 (As); 


that is, summing these arithmetical series, the distance passed 
over lies between 


nad, (At)’ and mat Dy (At)*. 
Since At= a the distance lies between 
n 


ge gt and gt ge, 
220 an! 
and the distance is the common limit of these two expressions, 


when At approaches zero, that is, when n approaches infinity. 
Hence, s=i gt’. 
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Sometimes the anti-differential (or the anti-derivative) of a func- 
tion is wanted for its own sake alone, as in the illustrations 
given above; and sometimes it is desired for further ends, as, for 
example, in the process of making a summation by means of 
the integral calculus in Art. 4. The anti-differential is called the 
integral, the process of finding it is called integration, and the 
symbol of integration is the sign i . Thus, if the differential of 
$ (&) is f (@) dz, which is expressed by 


ad (@) =f(@) de, (1) 
then Sf (a) da = p(@). (2) 


Equation (1) may be read “the differential of (a) is f(a) dx;” 
equation (2) may be read “the function of which the differential 
is f(a) dz, is $(#).” For brevity, the latter may be read “the 
integral of f(a) da is }(a).” * 

Memory of the fundamental formule of differentiation will 
carry one far in the integral calculus. For instance, since da 
is 40° da, fA a? dx is #; since dsing is cosxdx, | cos ade is 
sinw. The beginner will see the necessity of having ready com- 
mand of the formule for differentiation, since they will be 
employed in the inverse process of integration.t Differentiation 


* The origin of the terms integral, integration, and of the sign 4 has 
been given in Art. 1. Instead of the sign 4, the symbols d-! and D-! are 
sometimes employed: thus, d-1f(#).dxz, which is read ‘‘ the anti-differential 
of f(a) dw,’? and D-1f(«), which is read, ‘‘the anti-derivative of f(«).’? In the 
case of the second definition of integration, the use of the symbols d-1, D-1, 
is more logical than the use of 4. ‘The latter sign is, however, firmly estab- 
lished in this connection. It may be remarked that the differential is more 
frequently written than is the derivative of a function. 

+ The expressions fe dx, d1(22 dx), D4(a?) are equivalent. The in- 
verse process of integration is not always practically possible (see Art. 4). 
Art. 21 may be referred to for examples of differentials whose integrals can- 
not be expressed in a finite form. 
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of both members of (2) g. 


afr(e) da = dp (a), 
whence, by (1), = f(a) da. 


Therefore, d neutralizes the effect of f . It will be shown in 
the next article that fae) may have values different from ¢ (2). 


9. Indefinite integral. Constant of integration. Since d (a*+ c) 
“is 4a° dw, c being any constant, | 4a°%dx is at+c. The integral 
given in Art. 8 comes from this on making ¢ zero. But ¢ may 
be given any other value that does not involve w Hence, fA x da 
is indefinite so far as an arbitrary added constant is concerned. 
In general, 


if dp (a) = fw) de, (1) 
then f. f(a) dx = $(a) +e, Toe 


in which c is any constant; for differentiation of the members of 
(2) shows that f(w)dx=d¢(#). Hence, the integral of a given 
differential is indefinite so far as an arbitrary added constant is 
concerned. Illustrations have been seen in the preceding articles. 
It should be noted that the indefiniteness does not extend to 
terms that contain 2 In other words, a given differential can 
have an infinite number of integrals that correspond to the infi- 
nite number of values that an arbitrary constant can take, but 
any two of these integrals differ only by a constant. For 
instance, 


2 
f@tld=Sreto, 
But on substituting z for «+ 1, and consequently, dz for da, 


2 2 a2 
f@+l) de= eda= 5+ GE yet patito 
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These two integrals agree in the .. # that contain 2 When 
an integration is performed, the arbitrary constant should be 
indicated in the result; or, if not indicated, it should be under- 
stood to be there. The second member of (2) is usually called 
the indefinite integral of f(x) dx, and c is said to be the constant 
of integration. When the constant of integration has an arbitrary 
value, that is, when no definite value has been assigned to it, the 
integral is called also a general integral ; on the other hand, when 
the constant of integration is given a particular value, the integral 
is said to be a particular integral. For instance, the general 
integral (and indefinite integral) of a’dx is }a*+e¢ in which 
e is arbitrary. A particular integral of ada is obtained by 
giving ¢ any one of an infinity of possible values, say 6, — 5, 4. 
Thus ta*+6, ta*—5, +at+4 are particular integrals. In 
practice the value of the constant may be determined by the 
special conditions of the problem. 


10. Geometrical meaning of the arbitrary constant of integration. 


d 
sie = = F'@), (1) 

then qe Af: F"(a) de, 

that is, y= F(x) +¢, (2) 


in which ¢ is an arbitrary constant of integration. Suppose that 
¢ is given particular values, say 8, — 3, etc.; and let the curves 
whose equations are 


y= F@) + 8, 
me es @) 
etc., etc., 


be drawn. All of these curves have the same value of a that 
dx 


is, the same direction, for the same value of a Also, for any 
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two of the curves the difference in the lengths of their ordinates 
remains the same for all 


' values of x For example, 
y=) +19 for any value of a, the dif- 
ference between the lengths 
of the ordinates of the two 
x curves whose equations are 
given in (3) is 8—(—3), 
‘or 11. Hence, all the 
curves, whose equations are 
of the form (2), thus differ- 
ing merely in the c’s, can be obtained by moving any one of the 
curves vertically up or down. The particular value assigned 
to c merely determines the position of the curve with respect to 
the a-axis, and has nothing to do with its form. Fig. 9 illustrates 
this. 


Fie. 9. 


11. Relation between the indefinite and the definite integral. In 
Art. 4 it has been seen that if dd (#) = f(x) dx, the sum or inte- 
gral of f(x) da for all values of « from x=a to x=), satisfies 
the relation 


[1@ w= 4O-$. (1) 


If the upper limit be variable and be denoted by a, 


[7@ de = $@) — $0. (2) 


If the lower limit a be arbitrary, — ¢(a@) may be represented 
by an arbitrary constant c, and (2) becomes 


[1@ =o) +6 (3) 


But if f(a) de = $(e) $e (4) 
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Hence, an indefinite integral is an integral whose upper limit 
is the variable and whose lower limit is arbitrary. The first 
member of (4) may be considered an abbreviation for the first 
member of (8). The indefinite integral may therefore be re- 
garded as obtained by a process of summation. 


12. Examples that involve anti-differentials. This article is in- 
serted for the purpose of giving simple, typical examples of a 
practical kind, in which anti-differentials are required for pur- 
poses other than that of summation. These illustrations will 
also involve the determination of constants. In many applica- 
tions of the calculus, two kinds of constants must be distinguished, 
namely, those which are constants of integration, and those 
which are given distances, angles, forces, etc.; for example, the 
constant g, in Ex. 2, Art. 8, and h, b, k, a, in Ex. 2 below. Rec- 
tangular coérdinates are used in the following exercises. 

Ex. 1. Determine the equation of the curve at every point of which the 


tangent has the slope 3. Determine the equation of the curve which passes 
through the point (2, 8) and also satisfies the former condition. The 


slope of a curve y=f(#) at any point (@, y) is aU Hence, by the given 
condition, ; 
dy 
@) dx 2 


Adopting the differential form, dy = 4 da, 
and integrating, (2) y=iut+e, 


the equation of a straight line. Now ¢, the arbitrary constant of integration, 
which in this case represents the intercept of the line on the y-axis, can take 
an infinite number of values. The first condition is therefore satisfied by 
each and all of the parallel lines of slope }. 

If, in addition, the line is required to pass through the point (2, 3), then 
e=2, y= 3, satisfy (2), and 8=3-2+4c. From this,c=2. Hence, the 
curve that satisfies both of the given conditions is the line whose equation is 


* By the slope of a curve at any point is meant the tangent of the angle 
that the tangent line to the curve at the point makes with the a-axis. 
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Ex. 2. Determine the equation of the curve that shall have a constant 
subnormal. Also, determine the curve which has a constant subnormal and 
passes through the two given points (0, h), (b, &); and find the length of its 
constant subnormal. 

Let A, B, be the given points (0, h), (0, &), and let P be any point (4%, ¥) 
on the curve. Suppose that PT is the tangent at P, and PW the normal. 
Put the constant subnormal MN equal to a. 

Since the angle a= angle 6 (see Fig. 10), their sides being respectively 
perpendicular, 

tan a = tan 0; 


that is, (1) rele ee 


Putting this in the differential form, 


(2) ydy=adz, 


2 
and integrating both sides, 5 +¢e=an-+cl 


whence, (3) —=ar+C, 


in which c’, c/’, are the constants of integration, and c¢ denotes c!’ — ¢!. 
Equation (8) is the equation of a parabola, and it includes an infinite number 
of parabolas, one for each of the infinite number of values that the arbitrary 
constant ¢ can have. 

The particular curve which passes through the points (0, h) (b, &), and 
has a constant subnormal is also required. Since the codrdinates of these 
points must satisfy (8), it follows that 


h2 
ae 
2 
and Loman tig 


2 
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These equations suffice to determine ¢ and the length a of the constant 
subnormal. On solving them, it is found that 


k2 — h2 
2b 
Hence, the equation of the second curve required is 
by? = (kh? — h*®) « + bh?. 
In the differential calculus it is shown that the length of the subnormal 


Cs 


tole 


is y a The first condition might have been expressed immediately by the 


equation 
dy _ 
Yon =a, 
which is equivalent to (1) and (2). 

Ex. 3. Kind the curve whose subtangent is constant and equal toa. De- 
termine the curve so that it shall pass through the point (0, 1). 


Ex. 4. Find the curve for which the length of the subnormal is propor- 
tional to (say & times) the length of the abscissa. 


13. Another derivation of the integration formula for an area. 
In Arts. 3, 4,it was shown that the area included between the 
curve y = f(a), the waxis, and the ordinates for a=a,2=b is 
the limit of the sum of the infinitely large number of infinites- 
imal quantities f(@)da#, which are successively obtained as a 
varies continuously from a to b, and this limit was represented 


by the definite integral f (x) dz. The area can also be derived 


by means of the second defi- 
nition of integration. 

Let CPQ be an arc of the 
curve whose equation is y= 
f(x), and let OA=a, OB=6. 
Draw the ordinates AP, BQ. 
Take any point S on the 
a-axis at a distance # from 
O, and draw the ordinate SZ whose length is f(#). Let 2 
denote the area of OCLS. If w or OS is increased by ST, 
which is equal to Aw, and the ordinate 7'M be drawn, the area 
z will be increased by the area SLMT. This increment will 
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be denoted by Az. Draw LR parallel to the x-axis, and complete 
the rectangle LRMV in which LR = Ax and RM = Ay. 
The increment of the area, 


Az= SLMT 
= rectangle SURT + area LRM 
= SLRT + an area less than the rectangle LRMV 
= f (w) Aw + area less than Ay - Az. 


Hence, 


= =f (w) + something less than Ay. 
we 


When Aw approaches zero, Ay also approaches zero; and hence, 
in the limit, 


dd. 
t= F(a); (l) 
that is, “ =¥. (2) 


Equation (2) means that the numerical value of the differential 
coefficient with respect to the abscissa, of the area between a 
curve, the axes of codrdinates, and an ordinate, is the same as the 
numerical value of this ordinate of the curve. 

Equations (1) and (2) written in the differential form give the 
differential of this area, namely, 


dz = f () dx, and dz = yda. (3) 


Finding the anti-differentials in (3) gives as the area OCLS, 


=¢ (x) +¢, (4) 


in which (a) is the anti-derivative of f(a) and ¢ is an arbitrary 


13-14.] INTEGRATION INVERSE OF DIFFERENTIATION 29 


constant. If the area is measured from the y-axis, the area is 
zero when # is zero. Hence, substituting these values in (4) 


0=$(0) +6 

whence, c=— (0), 

and (4) becomes z= o(@) — o(0). 
Hence, area of OCPA = ¢$(a) — $(0). 


Similarly, area of OCQB = ¢$(b)— $(0). 
Since APQB = OCQB — OCPA, 
it follows that area APQB = $(0) — $(a). 


The expression in the second member is the same that was 
found for the area in Art. 4 by means of the first definition of 
integration. 

If the area is measured, not from the y-axis, but from another 
fixed vertical line, say the ordinate at «=m, the derivation of 
equations (1) and (2) is the same as given above. In this case, 
the area is zero when # = m, and hence, 


0=¢(m)+e. From this, c=— $(m). 


The value of ¢ in (4) thus depends solely upon the fixed ordi- 
nate from which the area is measured. 


14. A new meaning of y in the curve whose equation is y—/f(a). 
Derived curves. It has been seen in the differential calculus 
that in the case of a curve whose equation is y=/f(«#), at any 


point on the curve the slope of the curve is ov the differential 
dx 

coefficient of its ordinate with respect to its abscissa. Art. 13, 

with equations (2) and (4), shows that at any point of a curve 

the length of the ordinate y is the differential coefficient with 

respect to the abscissa, of the area bounded by the curve, the 
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axis of a, a fixed ordinate, and the ordinate at the point.* There- 
fore, “if we wish to make a graphic picture of any function and 
its derivative, we can represent the function either by the ordi- 
nate y of a curve or by its area, while its derivative will then be 
represented by its slope or ordinate respectively. If we are most 
interested in the function, we usually employ the former method 
(in which the ordinate represents the function); if in its deriva- 
tive, the latter Qn which the ordinate represents the derivative). 
That is, we usually like to use the ordinate to represent the main 
variable under consideration.” f 

For instance, suppose it is necessary to represent the function 
(x). Let the curve be drawn whose equation is 


y= @). (1) 

At any point (#, y) on the curve, the ordinate y represents the 

value of the function for the corresponding value of w; and the 

slope “a represents the rate of change of the function compared 
dae 


v 


with the rate of change of the variable x Now let the curve be 
drawn whose equation is 


y=f'@); (2) 


in which f'(«) denotes Ae At any point (a, y) on this curve, 


- 


* The remaining part of this article is not necessary for the articles that 
follow. However, it may be useful for the beginner to read it, because it 
may help to strengthen his grasp on the fundamental principles of the 
integral calculus. 

{ Irving Fisher, A brief introduction to the Infinttesimal Calculus designed 
especially to aid in reading mathematical economics and statistics, Art. 89. 
Some readers may be interested in an application of the principle quoted 
above. Professor Fisher continues: ‘‘Jevons, in his Theory of Political 
Economy, used the abscissa x to represent commodity, and the area z to 
represent its total utility, so that its ordinate y represented ‘marginal 
utility’ (i.e. the differential quotient of total utility with reference to com- 
modity). Anspitz and Lieben, on the other hand, in their Untersuchungen 
tiber die Theorie des Preises, represent total utility by the ordinate and 
marginal utility by the slope of their curve.”’ 
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the numerical measure of the ordinate is the same as that of the 
slope of the first curve at the point having the same abscissa. 
Hence, an ordinate at any point of the second curve represents 
the rate of change of the function f(#) compared with the rate of 
change of the variable x at this point. Also, the area between 
the second curve, the axes, and the ordinate at (a, y) is 


fr@ da, 
that is S(@) —f(0). 


Hence, the area of the curve y=/f'(@) bounded as described 
above plus a constant quantity f(0) can represent the function 


f@) | 
For example, suppose that the function is px? +4. That is, 
S(&) = pv’ +4, 
and SQ) = 2 px 


The parabola y = px’? + 4, and the line y =2 px are shown in 
Fig. 12. At any point M on the x-axis, the ordinates MP, MQ 


Fie. 12. 


are drawn to these curves. The ordinate MP represents the 
function for «= OM; and the slope at P represents the rate of 
change of the function when =OM. The ordinate MQ is 
equal (numerically) to the slope at P; and hence, it also repre- 
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sents the rate of change of the function when a= OM. More- 


over, since 


area OOM ={ 2px dn (px, 
0 


the function f(@) for e=OM is represented by the areaOQM+4. 
Had the function been p2? (shown by the dotted curve), the area 
OQM would exactly represent the function. - 

To recapitulate: In the case of a function f(a), if the curve 


and its first derived curve y= /f'(@), (2) 


be drawn, the rate of change of the function for any value of a 
is represented equally well by the slope of the first curve and by 


Fie. 18. 


the ordinate of the derived curve for that value of #; and the 
function itself for any value of # is represented equally well by 
the corresponding ordinate of the primary curve and by the area 
of the derived curve increased by the constant quantity (0). 
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The derived curve (2) is called the “curve of slopes” of the 
first curve. Two of these curves are shown in Fig. 138. The 
horizontal scale is the same for both curves; but the ordinates 
on the original curve represent lengths while the ordinates on 
the derived represent tangents of angles. At a point at which 
the original curve has @ maximum or a minimum ordinate, the 
slope is zero; and hence, the corresponding ordinate on the 
derived curve is zero. Conversely, when the derived curve 
crosses the a-axis, the corresponding ordinate of the original 
curve is a maximum or a minimum. 


15. Integral curves. Let the curve whose equation is 


y= f(@) (1) 


be drawn. Suppose that the anti-derivative of f(x) is #(#); and 
lraw the curve whose equation is 


y= Seas, @) 
that is, y = $(x)— (0), 
or, briefly, y= F(a). (3) 


The curve whose equation is (2) or (3) is called the first inte- 
gral curve of the curve (1). It is evident that 


OE = 0). (a 


The following important properties can be deduced from equa: 
tions (1), (2), (4). 

(a) For the same abscissa #, the number that indicates the 
length of the ordinate of the first integral curve is the same as 
the number that indicates the area between the original curve, 
the axes, and ordinate for this abscissa. Therefore, the ordinates 
of the first integral curve can represent the areas of the original 
surve bounded as above described. 
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(b) For the same abscissa a, the number ‘that indicates the 
slope of the first integral curve is the same as the number that 
indicates the length of the ordinate of the original curve. ‘There- 
fore the ordinates of the original curve can represent the slopes 
of the first integral curve. 


Ona a uM 
Fic. 14. 


Exampte. The line whose equation is 


y = pe 


has for its first integral curve the parabola whose equation is 


ime {pe dex, 
0 
2 


that is, y=p me 


At any point M on the a-axis, OM being equal to a, say, erect 
the ordinates MP, MP,, to the line and the parabola. The same 


number, namely p a, indicates both the length of the ordinate 


MP, and the area OPM; and the same number, namely p2,, indi- 
cates both the length of the ordinate MP and the slope of the 
tangent at P; This is true for the pair of ordinates erected at 
every point on the v-axis. 

In like manner the curve whose equation is (2) has a first 
integral curve. The latter is called the second integral curve 
for the curve of equation (1). This second integral curve has a 
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first integral curve which is called the third integral curve of 
(1), and so on. There is thus a series of successive integral 
curves for any given curve. For instance, the second integral 
curve of the line y= pz is the curve whose equation is 


zZ a? 
y= P> 


that is, y= ee 
6 

This curve is shown in the figure. The subject of successive 

integral curves has very important applications in problems in 

mechanics and engineering. Accordingly, an exposition of their 

properties and uses is given in Chapter XII. 


16. Summary. This and the preceding chapter have been con- 
cerned with showing by statement and examples that integration 
may be regarded in two ways: 

(1) As a process of summation, in which i f(a) dx denotes the 


limit of the sum indicated by DS J(«)Aav, when Aa approaches 
ZELO ; aaa 

(2) As an operation which is the inverse of differentiation, in 
which f J(«) dx denotes d“[ f(x) dx] or D“f(x); that is, denotes 
the anti-differential of f(a) dx, or, what is the same thing, the anti- 
derivative of f(a). 

It may be remarked that the rules of integration are all derived 
from the latter point of view. Both of these conceptions of 
integration are employed in problems in geometry, mechanics, and 
other subjects. The first view of integration is necessary to a 
clear understanding of the application of the integral calculus to 
the solution of certain problems; and, on the other hand, the 
second view is necessary to a clear understanding of the use of 
the calculus in the solution of certain other problems. 

INTEGRAL CALC. —4 


CHAPTER III 


FUNDAMENTAL RULES AND METHODS OF 
INTEGRATION 


17. In Chapters I. and II., the two purposes of integration 
were set forth; and definitions of integration based upon these 
purposes were given with illustrative examples. Relations be- 
tween the definitions were also pointed out, particularly in Arts. 
11, 13. It was also shown that in the process of making an 
integration, whatever the object may be, it is necessary to find 
an anti-ditferential or an anti-derivative of some function. A 
general: method of differentiation is given in the differential 
calculus. Unfortunately, no general method for the inverse pro- 
cess of integration exists. It is necessary to derive a rule for the 
integration of each function. The formule of integration are 
derived or disclosed by falling back upon our knowledge of the 
rules of differentiation. In fact, the first simple rules, given in 
Art. 18, are merely directions for retracing the steps taken in 
differentiation. The inverse operation of finding an integral is, 
in general, much more difficult than the direct operation of find- 
ing a differential or a derivative. 

This chapter gives an exposition of the fundamental rules and 
methods employed in integration. One or more of these rules 
and methods will come into play in every case in which integra- 
tion is required. 


18. Fundamental integrals. Following is a list of fundamental 
formule of integration derived from the fundamental formule 
of differentiation. They can be verified by differentiation, as 

36 


17-18.] RULES AND METHODS OF INTEGRATION 37 


indicated in the first of the set. An additional lst is given in 
Art. 22. 

very integrable form* is reducible to one or more of the 
integrals given in these two lhsts. The student should have 
ready cominand of these formule for two reasons: first, so that 
he may be able to integrate these forms immediately ; and second, 
so that he may know the forms at which to aim in reducing com- 
plicated functions. The functions to be integrated will not 
usually present themselves in terms of these simple, immediately 
integrable expressions; and therefore a considerable part of this 
book is taken up with algebraic and trigonometric transforma- 
tions showing how to reduce given functions to these forms. 
In the following formule, u denotes any function of a single 
independent variable. 


1 
if fur du = ws + Cy 
n+1 


in which w has any constant value, excepting —1. The case in 
which n = — 1 is given in IL. 

Differentiation of each member of I. with respect to w gives 
u” du. 


The different ways in which the arbitrary constant of inte- 
gration can appear in this form, may be noted. 


* “ An integrable form ’’ here means a function whose integral can be ex- 
pressed in a finite form which involves only algebraic, trigonometric, inverse 


trigonometric, exponential, and logarithmic pe 
141 
+ According to L., fw 1ldu= eee ae +¢= 5+ c=o+c. Nevertheless, 
if u-1 du can be derived directly by means of L For, on putting a 
n 


n+1 _ a+] __ 
for c, which is allowable by Art. 9, fu = (used? 3 +c. Now aa 
n+ n+1 


=¢ when »=—1. Evaluation of this indeterminate form by the method of 
the differential calculus gives, differentiating numerator and denominator 


as to n, ut logu, that is, logw. Hence fo du= log u + ¢4. 
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Ill. favdu = ee +¢€ 
IV. fen du=e"+e. 

Vy. f sin udu =— COSU 4 Co 
VI. feos udu =sinw+c. 
Vil. Fsee? udu =tanu+c. 
Vill. fese? udu =—cotu+t ec. 


IX. f see utan udu = secu + c. 


X. f ese weot du =— esew + Ce 


XI. ee =sin-lw+c=—cos!ut+ cre 
V1l-u 
XII. Ne Sea = tan !w+ec=-—cotlu+c. 
XIII. Jae seclau+c=—esclu+c. 
XIV. ee = vers-la + ¢ =— covers"! + Cie 


: gst+l 
Ex. 1. Goran = preset te. 


das” a g-5+1 ae 1 
Ex3. { = (xde = a eae 
ae, Y4 so Sat agree Te 


Ex. 3. =log(1+sinxv)+c 


cos x da =(<C + sin a) 
1+ sine 1 + sing 


Ex. 4. f atdx, § aac, forrnas, fora ferae, fpap. 
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Ope, 1% {ix dx, i iP fevac, fxr, ie dx, j& 
gt 
2 1 3 4 = = + _P 
6. ferae, fear, fxtax, § viae, fe Tda, fe ade, fe dace 


Bx. 1. { Vedz, ee Nees Jvtan (Vetae, (vibac, J 
0) x 


Ex. 


‘al 


we 
Es 6. ie ds AL EKOKG d (wow) (82? + 4a —2) dx 
s—1 Jee4 3 wow + 1 8+ 202-2444 


je da fe x de 
tana ’ sin 2 

4 
Ex. 9. f 2 de, f 2 der, i (m + n)* de. 


Ex. 10. fsin2ed(22), feossea(3x), scot nd (42). 


Exe f1; f seojatan gad (3a), f- ze wi aa (er Le 
VI—4a? J V1i—-9@? J Vi- wt 

sa 12. { 2 du ‘ 3 da > f ac __, f 4 dx jas 
Lae 1+ 9a” JogvV4e2?—1 J4avibxwt—1 J x Ww 
aVa? 


19. Two universal formule of integration. In this article two 
formule of integration will be given which differ from those of 
Art. 18 in that they do not apply to particular forms merely, but 
are of a much more general character. 

Suppose that f(w), Fw), $(@), +++, are any functions of a Then, 


f {P@)+ F@)+ o(a) + bdw 
=( f(a)dx + ( Fo)dax + {o(a)da oP eae'$ 


for differentiation of each member of A gives f(#) + F(a) 
+¢(@) +--+. This formula may be thus expressed: the integral 
of the sum of any number of functions is equal to the sum of the 
integrals of the several functions. 
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Ex. 1. f@ + sine + e”) da =e dit + fain a” dx + fe dx, 


= 403 + cosx+er+e. 


Each of the separate integrations requires an arbitrary con- 
stant; but, since all these constants are connected by the signs 
+ and —, their algebraic sum is equivalent to a single constant. 

Again, if wu is any function of w, and m is a constant, 


B. fmu dx = mu AX, 


for differentiation of each member of B gives mu. Hence, a 
constant factor can be removed from one side of the sign of in- 
tegration to the other without affecting the value of the integral. 
It will soon be found that sometimes it will make the work 
simpler to remove such a factor from the right to the left of the 


sign f and that, at other times, the process of integration will 


be aided by putting such a factor under the integration sign. It 
follows from B, that the value of an integral is unaltered if a 


constant is used as a multiplier on one side of the sign a; , and as 


a divisor on the other. ‘Thus, 
1 
fu Oi - f mu dx=m ean 
m m 


This principle will often be found useful. 


Ex. 1. f8edn=8fede= j(2adr= 322+. 


Norr. The value of an integral is changed if an expression that contains 
# is transferred from one side of the sign f to the other. Thus, 


fran =o +0; 


but a(rde=larte. 


Ex. 2. fi xt da, fan dz, fac bat) dar, (om dex, fs ab? ce2avo-1 dy, 
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Ex. 3, f@ ~ 2% +45) dx, f@ ~ 83a? + 502) de. 
Ex. 4. fe +5t)2dt, fia — #8)3 de, « { (cose + sin 6) dé. 
Py 
Ex. 5. ies dx, eo dx, fe dx, fe dx, forre + 2) dx. 
Ex. 6. § (cos mx + sin dx) da, fisec’ 2% + cosec? (m + n)ax} da. 


7 ju v2 dv f x? du y 
atbar J4430? J5—2Qa4 


Ex. 8 f ade de pub y iene 
4V1—@ 39440? J16 +4 25y2 


E 


n 


20. Integration aided by a change of the independent variable. 
Integration can often be facilitated by a convenient change of 
the independent variable. For instance, if f(#) da is not imme- 
diately integrable, it may be possible to change the independent 
variable from @ to ¢t, the relation between # and ¢ being, say 
x =y/(t), so that f(w) da is thereby put into a form F(t) dt which 
can be easily integrated. Experience and practice afford the only 
means of determining the substitutions that will be helpful in 
particular cases. The actual substitution of the new variable 
may often be conveniently omitted, as in Exs. 1, 2, 3, below. 


Jpg 15 fe +a)rdx. 


On putting x + a=t, dx =dt; and the given integral becomes 


n-+1 n 
fodt=P 4 ea tO" 5 C. 
n+1 n+1 


Since dx = d(« + a), the given integral may also be written 
fe + a)"d(a@ + a), and # + a being regarded as the variable wu, the integral 


is (Cis MD sila ote c, as before, 
n+ 
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Ex. 2. f sec? (5 — 22) dx. 
If5—2x%=t, dx =— dt; and 


Fasee? (5 — 2%) da =— 4{ secttdt =—}tant +e 
=— }tan(6—2ax)+¢. 


Since dz =— 4d (5 — 2a), the integral may be written also 
f seo? (6-22) dx =— 4 seo? (6 — 2x”)d(5 — 2%) 
=—ttan(d—2%)+¢. 


Ex. 8. f eatbeder, 
Iia+bu=t, dx = Fat, and 

§ entra = 7 f eat = ret +c¢= Sento +c. 
Otherwise: since dx = ; d(a+ bx), 

§ cota = +f extied (a+ bx) = sentte +¢. 


Ex. 4. f 120%—4%+465 
4x3 — 202+ 5x2 — 10 
On putting 423 —22?4+52-—10=f, it follows that (1222-4 + 5)dx 
= dt, and 


1242-4445 ie 
du = \— = logt + c= log (4”3 — 242+ 5%—10)+ 6. 
Seca t pee 8 ( Bs 

Nore. If the expression under the sign of integration ts a fraction whose 
numerator ts the differential of the denominator, the integral is the logarithm 
of the denominator. 


Tobe, fe a9 dx, 
; sin’ % 


If sin =ty cos ada —dt-sand 


[eae ee eee a 
sin? x we 50 5 sind « 
Otherwise. fee — (oon). il 

sin’ (sin x)® Sh sind x 


The necessity of learning to recognize forms readily will be apparent, 
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Ex. 6. lieeeer x3 dx 


a+ 1) 
If (dn eta Ch =O), Waa il, 
8 dae (2 —1)8 eeowe one L 
then we = ae=§ (2-5 a= 5) 
(7 +1)4 gt i z Ao 2 ses 
as 3. 83 pes 1822-9242 
sloge +o — soto ote sloge +2824? +6 
18 42+ 27%+4 11 
=log(«#+1 aS ; 
gee 1) 6(@+1)2 +6 
ae 
Ex. 7. (ae a 
(@+1)4 
If @+1=2, edx=dz, e=2—1; 
and f— jaws (S*@ (eh de=f@t-e 4) de 
(e at 1D (e ab 1)# gt 


=¢2t 424 46-424 (82-17) 
= sh (e + 1)* (Be — 4). 


dx , f-4 
+ a Ten +a e+ a 


3 at 
Ex. 8. f(@+a)? a, f@+ay* az, 
§ +82) ax, fe ~74)3 do. 


da 
cos?(4 — 3 x) 


Ex. 10. feos = dix, f eras, fe tax, (= & ay 
. sin? % 


Ex. 11. fea eh x) dz, (22. 


Ex. 9. f cos(e+a)de, §seo%(w+a)de, f : fsin(a+ ba) dur 


Ex. 12 f da : pentes ©) da | f dOme 
(1 + a?) tan-l a be sin?(®) 
n 


dy 


Ex. 13. fo + be)3dz, fv Fuad, (pS 
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Ex. 14. f & . (Put2e2—1=42,) 
V154 4a” —422 
Ex. 15. f cos one. (Put sin # = 2.) f (sint@ — 3 sin?9 + 4 sin2a 
sin 
+ 11 sin @ + 2) cos 6 dé, f (tan? g — 7 tan? ¢ + 2 tan » + 9) sec? ¢ d¢. 


21. Integration by parts. Two universal formule of integra- 
tion were given in Art. 19. A third formula of this kind will 
now be discussed. Differentiation shows that, wu and v being any 


functions of 2, 


du dy 
(wr) = alee + tae 


This may be written also in the differential form, 


a (wr) = of Fy Jae +u e ») 


or more simply, d (uv) = vdu + udv, (1) 
in which, du = Ge dx, and dv = De oy, 
da da 


Equation (1) becomes on transposition, 
udv = d(uv) — vdu. 


Integration of both members of this equation gives 


C. fudvew —{vdu. 


Equation € may be used as a formula for integrating wdv when 
the integral of vdu can be found. This method of integration, 
commonly called “integration by parts,” may be adopted when 
f(x) dx is not immediately integrable, but can be resolved into 
two factors, say w and dv, such that the integrals of dv and vdu 
are easily obtained. The procedure is as follows: 


ff@ de = udv; 


whence by C, =w — J vdu. 
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‘ 


No general rule can be given for choosing the factors u and dv. 
Facility in using formula C can be obtained only by practice. 
This formula has a greater importance and a wider application, 
than any other in the integral calculus. The following examples 
will show how it may be employed. 


Ex. 1. Integrate x sin x dx. 
Let Wiis dv =sinadz; 
then, du = dx, v=— Cosa, 
Application of C gives 
fesineds =— “£COS2x + {cos hohe 


=—xc0sx+sinz+c. 


Ex. 2. Integrate log «dz. 


Let u = log x, dw = dx; 
then, du = 2 i) Stu 
£ 


Therefore by C, 
frog de =xlogz —{«e& 


=nlogx—a+e. 


Ex. 3. Find feta. 

Let Wiser, W= xan 
then, Ou =e" 0x, C= FX. 

The formula gives 

fae dx = 4x7er — {2% dx. 

But «2e7 dc is not so simple for integration as xe*dx. This indicates that 
a different choice of factors should have been made. 

On putting Uy atop p= 1e2 dx, 

du = dx, =e, 

and formula C now gives 


fae dx = xe — f erae 


=aver—e4+. 
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Ex. 4. Find f verde. 

Let u=2°, dv=edx; then du=3x7dx, v = e*. 

Hence, Vee dx = xe* — 8 (oer dx. 

To find faree dv, put w= 2, dvu=erda; then dw=2adz, ve; and 


i x2er da = 2% — 2 wet dx. 


By Ex. 3, fee dx = xe* — e+ ¢. 
Hence, combining the results, 


f wer aa = et (22 — 322464 —6)+4+6. 


This is an example in which several successive operations of the same 
kind are required in order to effect the integration. Many such examples 
will be met, and usually a formula called ‘‘a formula of reduction’’ will be 
found for integrating them. ‘Integration by parts’’ is of great use in 
deducing these formule of reduction. In order to avoid making mistakes in 
cases like Ex. 4, a good plan is to write down the successive steps in the 
integration clearly, without putting in the intermediate work, which can be 
kept in another place. Thus: 


ater dx = x8er — 8 f xer dx 
= wer — 3 [wer — 2 f xe* dx | 


= wer — 3 [wer — 2 (we* — e*)] + 


= e* (a? — 327+ 6%—6)+¢. 


1p ts fsina x da. Ex. 10. fe sin x dx. 
Ex. 6. J cot ade. 1p WUE fe cos x da. 
lope, Ye few da. Ex. 12. fe tan-le da. 
Ex. 8 fee da. Ex. 18. § (los «)? ae. 


ik Os fran x dn. Ex. 14. feos o log sin eae, 
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Ex. 15. f seo? log tan ede. Ex. 17. nem dee. 
Ex. 16. § Cog)? dx. Ex. 18. fem log x dx. 
22. Additional standard forms. Some fundamental integrals 


which often appear are collected together in the following list. 
Their derivation will be found in the next article. 


XY. ftan udu = log secu + C. 
XVI. f cot udu = log sinu + C. 


XVII. if sec u du = log tan & a + C. 


XVIII. § eosec u du = log tan 5 eC. 


XIX. qe sin + C=— cos 7 + C'. 
a —— 
du_ _1;,,1% wee 3 C'. 
NOK HIER a oan ates a oot Sis 
XXI. f ure ote qt C R= z cosec} at C’. 
UW Vu — ar a 
XXII. a vers-1 “+ OC =— covers! “+ Cc’. 
V2au—u2 


du _ 1 Ua Oey n-1 “4. 
XXII. Weaeeasea yest ¥ tanhot % 4. 


XXIV. j= = log (u + Vu? + a?) + C = sinh“! “+ C!. 


ae + a? 


XXYV. Noe ao ae Vue — a®)+ C = eosh- Lu pu C’. 
=_ a2 
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23. Derivation of the additional standard forms. 


sin uw 
y 
cos U 


sin Uy d (cos u 
fran u du j= =— (tes) 
COS U 
— log cos wu = log see wu. 


Formula XVI. cot u du = fea oO: = (49 


s1n w& sin wu 


Formula XV. Since tan w= 


= log sin uw = — log coséc u. 


cosec wu — cot u 
EE aE ane 
cosec u — cot u 


— cosec u cot wu + cosec? wu 
_feosee u du ={- 108 du 
cosec wu — cot u 


Formula XVIII. Since cosec wu = cosec u 


‘d (cosec w — cot u) 
cosec u — cot u 


= log (cosec u — cot uv) = log 1 — cos u 
sin wv 
2 sin? & 
U 
= log Maeier kl = log tan = 


2 sin “ cos & 
Bsa a tala 


Formula XVII. On substituting wu ae for win XVIIL., there 


results 
us = log eae 
_feosee (u ll. 4 du = log tan c al a 


that is, _fsee u du = log tan 6 + ay 


Formula XIX. If w= aa, then du=adz, and 


du adz dz my 
—— = eS = sin-lz 
Vat — uv? Va? — az? dee 


U 
1_ —— eog7} 
a 


= Sin 
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Formula XX. If w=az, then du = adz, and 


du ish 
at ae a 
e+w I = a 
= ret LS cot"! Ma 
a a a a 


Formule XXI., XXII. These integrals also can be derived by 
means of the substitution w= az. 


Formula XXIII. Since 1 = Lu ase ck ) 
iO Dave a wee o 


lear Sa 
w—a 2a waa uta 


= slog (u — a) — log (w+-a)} 


Ly i, (0) 
= — og . 
2a uU+ a 


Formula XXIV. If ’7+a’=2, then udu =zdz, 


oF du _ de 
} Zz u 
du du dz 
H SS ee ee 
ence, AE ae 
and, by composition, = a 4 = 
Therefore ff du _ (du+dz 
W/o? ute 


= log (u +2) +ce=log(u+vVu? + a’) +6 


Tey 
= ey sansa Me Cr sinh}! 4 Ch 
a a 
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The latter result can be derived also in the following way : 


On putting u = az, 


= sinh z+ ¢. 


du =/f Zz 
Veta J Ve+1 
ae Ss as 
= sinh Fw 


Formula XXV. Similarly, on putting w?— @?= 2, 


du 
———— = log(u+vVw—a’)+e 
ibe Vea a) 
yee 
ein eae Co = cosh = + ey 


Or, putting u= az, 


du dz uw 
{SS} = | ——__—__ = cosh-¥ +. c= cosh _— as C 
Vu? — Wie ea 


Ex. 1. Find i @ — dn. 


Integrating by parts, let 


Uu=Var— x, dvu=adz. 


Then ds = ee i=iLy 
Vaz — 0? 
2 
and ae Pe + (=o aes 
Vat — 22 
‘ Pe a? a 
Since Va? — 22 = “—*_. it follows that —“__ — _ © _ Vga gt 
Ve Vat—a Vax? 


Hence, fve —wdx = aVa? — x? + 2 
a2 ae y2 


~f Va2 — x? da. 
From this, on transposing the last integral to the first member, 


[Ve = Bae =} (2Ve-w x? + q? sin- ea 
a 


23.] 


Ex. 


Ex, 


Ex. 


Ex. 


1Db< 


Ex. 
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dx 


Vee) 


V49 — (2? — 102 + 25) 


oleae 


= sin-1 (2) ; 
Uf 


eta: f— 
V3 — 5 x2 
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3. f dee =( dhe 
Va + 8x + 52 Va@+ 5? +36 
=log(@@ +4 + Va? + 8a + 52), 

f & =f =! tan-1 2438, 
v+6a+ 12 (2+38)?24+3° V3 V3 
e+ 6n+5 rae 4 =i lo ae 

= 1 iog 241, 

4 ~“%+65 
6. j—— Hx, 15, ( oo 
Vat — 5a a+ 22 
7. (Vide. Ex 16, (= 2-. 
V7 x? +19 y?—8 
8 (2242 Ex. 17. jf. 

V3 0!+202—1 tan ax 

ear eS Ex. 18. f cot ax + b)dx 

—3+44%—- 22 (ax + b)dx. 

10 j= Ex. 19. f 2 de 
I Vda — 4243 
i (Cane Ex. a ee = (fee. 2) 
4 — 42 v2 — oe (x 2)244 
shake (Ce ALL Ex, 21. f a Oe es 
I V5— 6 “?— 40-8 
. 18. {6 tan 32 de. Ex. 22. § (seo 2x + 1)2ax, 
Ex. 23. f dat 


(@—a)V@—aP—-B 


G4 | 
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Bx. 24. if see Se Ex, 29. if pe ote ee 
4aV4e2—5 o+62+4+18 
la 
Ex, 25. ‘= " (i +0086 ap 
ear x. 30. ae 


Ex. 26. it hy Pte 


Ex. 27. i) dp 


Ex, 31. fo ~—— 
Van +2ba + ¢ 


che el Ex, 32. fyt a. 
ie %—1 
Ex, 28, f —%__. 
V15 x — 6a [Rationalize the numerator. ] 


24. Integration of a total differential. It has been shown in the 
differential calculus, that if 


u=f (x,y), (1) 
x, y, being independent variables, the total differential of w is 
equal to the sum of its partial differentials with respect to # and 
y. That is, 
du Ou 
du = —du + —dy. 2 
0x ay a @) 
It will be remembered that when differentiation is performed 
with respect to a, y is regarded as constant, and when differenti- 
ation is performed with respect to y, 2 is regarded as constant. 
Suppose that a differential with respect to two independent 


variables is given, namely, 

Pdu+ Qdy, (3) 
in which P and Q are functions of w# and y. The anti-differential 
of (3) is required. Not every function (3) that may be written 
at random has an anti-differential. Hence, it is necessary to de- 
termine whether an anti-differential of (3) exists or not, before 
trying to find it. It has been shown in the differential calculus 
that if w and its first and second partial derivatives with regard 
to #, y are continuous functions of a, y, then, 

eu Pu 


dyda dxdy 


(4) 


23-24.) RULES AND METHODS OF INTEGRATION 5) 


If (8) has an integral, say wu, then, 


du = Pdx+ Qdy, (5) 

; : Ou 
in whic Aa (6) 

Ou 

d ogee 
an Q By (7) 


Differentiation of both members of (6) and (7) with respect to 
y and x, respectively, gives 


ors OU 
Oy dy dx 
0Q_ du 
Ox dxdy 
dP. 0Q 
H by (4 ee, 
ence, by (4), nde (8) 


Therefore, if (3) has an integral, relation (8) holds between the 
coefficients P, Q, and the differential (3) is then said to be an exact 
differential. Conversely, it can be shown that if relation (8) 
holds, the differential (3) has an integral. For the present the 
latter proposition may be assumed to be true.* The condition 
(8) is called the criterion of the integrability of the differen- 
tial (3). 

Suppose that the coefficients P, Q satisfy the test (8), then 
there is a function w which satisfies equation (5). Since Pda can 
have been derived only from the terms that contain a, integration 
of the second member of (5) with respect to @ gives 


fPae +c, 


in which ¢ denotes any expression not involving «. 


* For proof, see Introductory Course in Differential Equations, Art. 12, 
by D, A. Murray (Longmans, Green & Co.). 
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Now Qdy has been derived from all the terms of u that contain 
y. Some of these terms may contain « also; and if so, they have 


been discovered already in if Pdx. Therefore, the remaining 


terms of w that do not contain a will be found by integrating 
with respect to y the terms of Qdy that do not contain aw. Hence, 
the following rule: Integrate Pda as if y were constant; inte- 
erate, as if a were constant, the terms in Qdy that do not contain 
«x; add the results and the arbitrary constant of integration. 


Ex. 1. Integrate y dx + «dy. 


HOD =o, Mus Memes o=1, se 1, and thus, criterion (8) is 
satisfied. 


Also, f Pax = fy dx = «xy; and there are not any terms in @ dy without x. 
Hence the integral is xy + ce. 


Ex. 2. Integrate y du — x dy. 
dP, 09 


Here P=, Q@=—«; hence one Uy ap 1, and the criterion is not 


satisfied. Therefore an integral of the given expression does not exist. 
Ex. 3. Integrate (a? — 4ay — 24?) dw + (y? — 4ay — 24?) dy. 
Ex. 4. Integrate (a? —2ay — y”) dw — («+ y)? dy. 
Ex. 5. Integrate (2ax + by + 9) dw + (2ay + bu +) dy. 


25. Summary. The directions so far given for obtaining the 
indefinite integral of f(#) dw may be summarized as follows: 

(1) Memorize the fundamental formule of integration given 
in Arts. 18 and 22. 

(2) Acquire familiarity with the application of the principle of 
substitution, or change of the independent variable, discussed in 
Art. 20. 

(3) Use the first and second universal formule of integration, 
A, B, given in Art. 19. 

(4) Learn to apply with ease the third universal formula of 
integration, namely, the formula for integration by parts given in 
Art. 21. 
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EXAMPLES ON CHAPTER III 


1 fac ada, fam +n) at") der, iG + n) vm +! dy, 

- oi sO) es 

fee" da, farote al de. 
“ 8 2 

2. f (+4 -s2t +5) dx, if (ab — y5)2ay. 

x? x8 : 

foe a, feet Z, (ow. 
e+ he 2—2 Sela 1 


4. Find the functions whose differential coefficients are 


ee 
n 


1 
= 2 1 ZSt 
oe, 2" eo”, v3 —8av? +4av 3. 


5. Find the anti-differentials of 


sin y dy 


sec? 6 sec? 6) d0, (8cos2¢—5sin3 ¢) d py a a, 
(sec? 6 + co ) ( ? 3) dd, TaD oeaT 


6. Find the anti-derivatives of 


1 1 1 1 1 
cos“ +———, -—loge 
Perea) opie. fe age ab 


log (az + b). 


7. Evaluate the following definite integrals: 


E 7 us e 
{@ + 5x) da, i cos 4 6 dé, ie cos 4 x da, i ide 
1 0 0 1 @ 
L = 
e—— 4(* tan 200. 
0 V1 — 422 0 
0 a 0 = 5 
8. log 25 if Bare (eee ee, § (cae + 6%) de, f * (e# + 6-*) dee 
= vg w2—1 a 1) 
Dn 1 Le 
9. f e-22"+5 4 dar, i Les LF, {cota log sin 0d8, 
0 awl pine ~% 


dx 


(Vedi Oe. \ te tana 2 
0 Wil aaa 1 142 
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10. Ih ees : -) ae, f'Gin2¢ + cos3 4) ag, 
® \ Vat @ Ve—@ TE 


(e d (Va? + @ + V2? — f| Ag 
a dil Ve2 +4 a —Va?— a 


11. j—*_. (Put « =“. Compare result with formula XXI.) 
av x2 — a? z 


f os (Put sinz = z. Compare with XVII.) 
COS & 


12. f= 2 — (Put 34+20=2.) j-—“— (Putl -a=2.) 
 V1-3 4-28 (1-+a)?+ (14a)? 
bye 3 
13, foes iiap (Wee (Put a + bx? = 2.) 
24° a + bx 


14. f sec71 x dx, F cose wddx, feos x ax, f x? sin] x da. 


i 
or 


; fe cos x dx, fe sing dx, fx tan? x dx. 
16. foe dx, it sin x log cosa dx, f cosec? x log cot x da. 
11. f@e-2) (a? — 2a +5) cos (a? 2445) dx. (Puta? —2445=2,) 
18. fe log (@ + a3) dw. (Put a+ a?=z.) 
19. Cog a)? : 
5 du. (Integrate by parts, putting w = (log x)?.) 
2 
20. Show that 
§ dog x)™de = «[ dog x)” — m(log «)”-1 + m(m — 1) (log 7) ™—?2 — eee 
+ (-1)™ Imm — 1) + 38-2 loge + (—-1)™- m1}. 
21. Show that 


§ exon dx = x™er — m (exam dx = e*[a™ — ma™1+ m(m — 1l)am-2 — 


+(-— 1)" 4 m(m—1) » 2-%+(—1)"-m!). 


25.] 


22. 


23. 


24. 


25. 


26. 


27. 


382. 


33. 


34. 


35. 


36. 


37. 
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i) (sec & + cosec x)? dx. 
j 1+ cote 


if dx : 
V a2 + 62 — x2 


6 6 

Evaluate 2f log tan @ - cosec 2 6 dé + log cot of cosec 2 6 dé. 
TT T 
£ 4 


f@ tan 6 sec 0 + b) cot 6 dé. 


f dx : f dx . 
V242%— 72 V—16— 10% —2 


; frog (a + Va? — a) us 
2 


» fog (@ + Va? + a?) 


aS dt a 
eae 
ft sec? 0 + b cosec? 9 40 38 ie x tan x dx 
; tan 6 + coté : : tan2” — 2 
: dx 
Le 39, f_“ _. 
f vers 17 Vudu. @ — be-® 
dx 
40. f Sees, 
iF ue? + adn. VGH#=b 
dx sin x da 
iy —_ (Puts = 2.) 4. ea 
ee — bat sing V cos % 
{" — 42 f dx ’ 
sin x + cos% H ax + be+e 
ae 43. f-—"——. 
cos* @ — sin* d Vane + ba + ¢ 
‘ee 44. f du ; 
V2 — 2%. V— av? + br +6 


45. Integrate sinw cos y dw + cos # sin y dy. 


46. Integrate cosa cosy dw — sing siny dy. 


47. Integrate (32 + 6ay + 4y") dx + (8x? + 8ay + 6y")dy. 


9) 


7 


CHAPTER IV 
GEOMETRICAL APPLICATIONS OF THE CALCULUS 


26. Applications of the calculus. In this chapter some of the 
practical applications of the integral calculus are discussed. In 
particular, the areas of curves and the volumes of solids of 
revolution are determined. Art. 32 deals with the deduction 
of the equation of curves from data whose expression requires 
the use of differential coefficients. 

There is one common aim in by far the larger number of the 
simpler applications of the integral calculus. This aim is to 
find the sum of an infinite number of infinitely small quantities. 
The process of summation has been discussed in Chapter I. 
The student will find that in most of the problems there are 
two steps to be taken in order to obtain the solutions, viz.: 

(a) To find the expression for any one of the infinitesimal 
quantities concerned and to reduce it to a form that involves 
only a single variable ; 

(b) To integrate this differential expression between certain 
limits which are assigned or are determinable. 

Each of the differential expressions is called an element, — 
an element of area, an element of length, an element of volume, 
an element of force, etc., as the case may be. 


27. Areas of curves, rectangular coordinates. It has been 
shown in Arts. 8-5 that the area* between the curve y=/(@), 


* The calculation of such an area is called ‘‘ Quadrature of curves.’? From 
this comes the phrase ‘‘ to perform the quadrature,’’ which is often used as 
synonymous with ‘‘to integrate.’? ‘The areas of only a few curves could be 
found before the discovery of the calculus. Giles Persone de Roberval (1602- 

58 
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the «-axis, and two ordinates for which w=a, a=}, is ex- 


pressed by 
b 
f S (a) dx. 


It has also been shown that this area can be evaluated by 
finding the indefinite integral 
of f(«)da, substituting banda |” 
in turn for x in the indefinite 
integral, and taking the differ- 
ence between the results of the 
two substitutions. 


Ex. 1. Find the area bounded 
by the parabola whose equation is 
y2=4ax, the axis of x, and the 
ordinate at ~=—2,. Also find the 
area between the parabola y2=9«, 
the axis of x, and the ordinates for 
which « = 4, %7=9. 

Let QOC be the parabola whose equation is y2=4ax. Take OM=%, 
OA=4, OD=9; erect the ordinates MP, AB, DC. Suppose that two 
ordinates RS, VT are drawn at a distance dz apart. The element of area, 
which is the area of any infinitesimal rectangle like RSTV, is ydx. The 
area, required in the first case is equal to the sum of the areas of all such 
rectangles, infinite in number, that are between OY and PM; that is, be- 
tween the limits zero and 7, for «. Hence, 


area of OPM = (ey dx. 
0 


First of all, 7 must be expressed in terms of % This can be done by 
means of the equation of the curve, from which 


1 
yot2 ant. 


1675), professor of mathematics at the College of France in Paris, Blaise 
Pascal (1623-1662), John Wallis (1616-1703), Savilian professor of geometry 
at Oxford, considered an area to be made up of infinitely small rectangles, 
and applied the principle to the determination of the areas of parabolic 
curves. The French geometers found the formula for the area between the 
curve y=”, the axis of ~, and any ordinate «= h when m is a positive 
integer. Wallis found the area when m is negative or fractional. This was 
before the development of the calculus by Leibniz and Newton, 
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(The positive sign denotes an ordinate above the x-axis, the negative, one 
below. ) 


Hence, area of OPM = f 2 atx? der 
0 
=2a4 (ga! + of 


1 38 
—4 Ditonto . 
7 $a? a? = 3%1Y15 


that is, area of OPM = two thirds of the area of the circumscrib- 
ing rectangle OL PM. 


The area OPQ = 2 OPM = two thirds the area of the rectangle LPQR. 


In the second case : 
9 
area ABCD = f, y de 


, 94 3 
=3 fox de =3 [32% + c]p=88. 


If the unit of length is an inch, the area of ABCD is 38 square inches. 


Ex. 2. Find the area between the curve y? = 4 ax, the axis of y, and the 
line whose equation is y = b. 


va 


Fie. 16. 


In this case it is more convenient to take for the element of area the 
infinitesimal rectangle indicated in the figure. The element of area is thus 
x dy; and 

area OAB = “en dy 
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Ex. 3. Find the area of the ellipse 2 + a =i 
a 


The area required is four times the 
area of the quadrant AOB. An ele- 
ment of area is the area of an infini- 
tesimal rectangle RSTV, namely 
ydx. The sum of all these elements 


from O to A is expressed by *y du. 
From the given equation, 


y= Vee, 
a 


in which the positive sign denotes 
an ordinate above the x-axis, and 
the negative sign, an ordinate be- 
low. Hence, 


area of ellipse = 4 OAB = 4 i “y dee 
0 
= 42 ("Ve eae; 
aJ0 


2 
which by Ex. 1, Art.23, =—22 E Vee + Fsin-3Z + o| 
a 


@ 
0 


=7ab. 


If a = B, the ellipse is a circle whose area is 7a. 
Find the area included between the ordinates for which x = 1, x = 4, the 
curve, and the axis of a. 


Area PQMN = fy dz = al Vai — x de 


, 2 4 
2,0 E Vat — a+ SsintZ +e] 
a\l2 2 a 1 


=? lava 16 —}Va?—1 +£(sin-14 —sin-t’) J. 
a 2 a 


Tf the semi-axes are 5 and 3, 
area PQMN = 2{6 — V6 + 43 (sin) ¢ — sin 4)} 
= ${6 — 2.454) + 25.927 — .201) 
= 3.778. 
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Ex. 4. Find the area between the 
curve whose equation is 


= yy (#@—1)(@—8)(@—5), 


the axis of x, and the ordinates for 
which ¢=— 2, %=7. 


7 
The area required = fy da 
=2 


yf 
= ty | @— on + 23a —15)da 
2 


Further remark on this example 
may be instructive. On putting 
y = 0, the intersections of the curve 
and the w-axis are seen to be at the 
points for which «=1, 3, 5. That 
is, referring to the figure, OC =1, 
OD = 3 50H ; 


Fie. 18, 


+41 
Area APC = fy dx = — 147, 
~2 


This area appears with a negative sign, since the ordinates are negative in 
APC because it is below the «-axis. 


3 
Area CHD = ydx =+ 4, 
the sign coming out positive since CHD is above the x-axis. 


5 
Area DLE = { ydx=— +4; 


and area HOB =v dx =+ 8. 


The area required = area APC + area CHD + area DLE + area HQB 
a ee 

— $3, as obtained before. 

The absolute area = 147 + 441483= 12H. 
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This is an example of the principle indicated in Art. 5, namely, that when 
the area between a curve, the #-axis, and any two ordinates, is found by inte- 
gration, this area is really the sum of component areas, those above the 
a-axis being affected with the positive sign, and those below the x-axis with 
the negative sign. The next example will also serve to illustrate this. 


Ex. 5. Find the area between a semi-undulation of the curve y = sina 
and the «-axis. 
The curve crosses the x-axis at 7 =0, x= 7, © = 27, etc. 


Area of ABC =("y dx = ("sin war =[—cos@}H AN 
0 0 


2a 2a 
But area ABCDE = f y dx =i sin x dz = 0. 
0 0 


The total area, regardless of sign, is 4. 
Me 


Fig. 19. 


28. Precautions to be taken in finding areas by integration. The 
method of finding areas which has been described in the last 
article can be used immediately and with full confidence in the 
case of a curve y=f(«), only when the limits a and 0 are finite, 
and the function f(#) is continuous and one-valued for values of 
x between a and b, and does not become infinite for any value 
of w between a and b. Special care must be taken in cases in 
which any one of the conditions just mentioned does not hold. 
While, in some of these cases, the application of the method of 
Art. 27 will give true results, in other cases it will give results 
that are altogether erroneous. A few examples are given below 
in order to emphasize the necessity of caution. 

Ex. 1. There is a double value for y in the parabola y2=4ax. This was 
considered in Ex. 1, Art. 27. 


Ex. 2. Find the area included between the parabola (y — %— 5)? =a, 
the axes of codrdinates, and the line « = 6. 
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In this case y=a2+Vx-+5; and thus to each value of % belongs two 
values of y. The ambiguity can be removed by defining more exactly what 
area is meant. If the area ORPM is desired, the value of y corresponding 
to each value of « between 0 and 5isa—Vaz+5. Hence, 


area apie —Va +5) dx 
0 


= ip — 19-V5, 


If the area OR QM is desired, the value 
of y corresponding to each value of % be- 
tween 0 and 5 is x + Vx + 5; and hence, 


area ORQM = {Cw + Vx +5) dx 


Fie. 20. = tp ak 10/5, 


If the area PRQ@, between the curve and the line « = 5, had been required, 
it would have been necessary first to determine the areas ORPM, OR QM. 


Area PRQ = area ORQM — area OR PM ; 
= 29/5, 


Another way of finding the area of PRQ is the following. Let TS be any 
infinitesimal strip of width dx parallel to the y-axis. Evidently, TS is the 
difference of the values of y that correspond to «= OV. Hence, denoting 
these values of y by 41, Yo, 


area PRQ = fru — Yo) dx 


= {\@ + Ve + 5)—@ Va + 5)} dx 


Ex. 3. Find the area included between the witch y = 


and its 
' a? + a 
asymptote. The asymptote is the axis of x, and hence, the limits of integra- 
tion are + eo and —o. In this case it is allowable to use infinite limits. 
For, on finding the area OPQM between the curve, the axes, and an ordi- 


nate at distance « from the origin, 
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area OPQM = i “y de 
0 


2 a dx 
0 “2 + @? 


= | @ tan-12 + |’ 
a fy) 


=? tan-12. 
a 
XY) 


Pie 


O M x 
Fie. 21, 


If the ordinate MQ be made to move away from the origin towards the 


right, that is, if the upper limit x increases continuously, then tan-12% 
a 


increases continuously, and approaches 5 as a limit. Hence, 


Ne abdx _ ma? 
0 2+ a? 2) 


represents the true value of the area to the right of the y-axis. Since the 
curve is symmetrical with respect to the y-axis, the area required is double 
this, namely, ra?. 


Ex. 4. Find the area included between the curve v3 (a? — a?)? = 823, the 


y-axis, and the asymptote « = a. 
22 


(a? — a3 
of y; but, when «=a, y is infinite. Therefore a special examination is re- 
quired. For values of x less than a, however, y is finite. Then, fora<a, 


In this case y = To every value of « corresponds a real value 


area OMP = 1 ig ot 
— a2)8 
Ae xz 
=|3 (a? — a?)3 + o | 


att) 


= 3 (a? — a2)? + 38, 
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As x approaches the value a, it is apparent that the area OMP approaches 
2 
3 a3 as a limit; and hence, 


{24 8a. 
0 


(a2 — a?ys 

Y | 
' a P 
H 
1 1 
H 

a=|-a Q 
6) M x20 M’ N x 
“L=3Qa 


ee — —- — || 


Fie. 22. 


Ex. 5. Find the area bounded by the curve in Ex. 4, the x-axis, and the 
ordinate at «=3a, 

It has already. been noticed in Ex. 4, that f(a) becomes infinite when 
“z=a. Asa lies between the limits of integration, 0 and 5a, the integration 
formula for the area should not be used until its applicability is determined 
by a special investigation. The area from «=0 to the infinite ordinate at 


x= a, has been shown in Ex. 4 to be 303. The area to the right of the 
ordinate at « = a will now be discussed. Since f(a) is finite for values of « 
greater than a, then for limits, «>a and «=3a, 
3a 
area M’P'QN= ee 
x>a (a? = a?)8 


—6a5—3 (a? — @)3, 


: 2 
As « diminishes and approaches a, this area approaches 6a; and hence, 
the area between the infinite ordinate at «=a, and the ordinate atx = 8a, 
: 2 : F 
is6a3. Hence, the total area between the curve, the x-axis, and the ordi- 


2, 2 ; a 
nate atx = 3a, is8a? + 643, that is 9a3- 


3a 
eae is evaluated in the ordi- 


The same result is obtained when { 
(a? — a2)3 
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nary way ; and thus, the integration formula for the area holds good in this 
case, although f(#) becomes infinite for a value of x between the limits of 
integration. 


Ex. 6. Find the area included between the curve y(@ — a)? = 1, the axes, 
and the ordinate x = 2a. 
Immediate application of the integration formula gives for the area, 


2a dx 2 ak 1 2a 2 
awe papi alee a 


Fie. 28. 


But, f(x), which is the length of the ordinate y, becomes infinite for 
~=a; and, if an investigation be made similar to that carried out in Exs. 
4, 5, it will be found that the area is infinite. For, OM being equal to 2, 
da 1 Le 


area OMPB = (| ——"— = ——_ 
0(*@—a)? a-x a 


It is evident, that as # increases from 0 to a, the area increases from 0 
to o. Consequently, the area between the curve, the axes, and the ordinate 
at «=a is infinite. Similarly, it may be shown that the area between the 
curve, the z-axis, and the ordinates at =a, «=2a, is infinite. Therefore 
the total area required is infinite. Hence, the integration formula for the 


2 
area, namely, {yay fails in this particular case in which f(a) be- 
x— a 


comes infinite for a value of « between the limits of integration. This con- 


clusion may be compared with that in Ex. 5. 


29. Precautions to be taken in evaluating definite integrals. It 
b 
has been shown in Art. 6, that any definite integral, say 4 /(«)da, 


may be graphically represented by the area between the curve 
y = f(a), the axis of a, and the ordinates atw=a,x=6. Hence, 


INTEGRAL CALC. —6 


68 INTEGRAL CALCULUS (Cu. IV. 


the statement at the beginning of Art. 28, and the precautions 
described in that article, must be applied when any definite inte- 


b 
gral Af j(@)da is under consideration. 
a 


EXAMPLES IN AREAS.* 


1. Find by integration the areas of the triangles bounded by the co- 
ordinate axes, and each of the following lines: 


(a) Te +5y—85=0; (0) 18% —y—12 =0. 
2. Find the areas of the triangles bounded by the a-axis, and 


(a) the lines 7% —8y—21=0,x=—5; 
(0) the lines 5x%+6y+15=0,%=—1. 


8. Find the areas of the triangles bounded by the y-axis, and 
(a) the lines 9x+4y—6=0,y=1; 
(b) the lnes2~%7+y7+8=0, y=~—4. 


4. Find the area of the figure bounded by the axis of abscissas, the curve 
y =x*+%-+1, and the ordinates corresponding to the abscissas 2, and 3. 


5. So for the curve y= «++ 423 + 2%?-+ 3 between the abscissas 1,2. « 


6. Find the area of the figure cut off from the curve y =(@ + 1)(a + 2) 
by the «x-axis. 


7. Find the area included between the semi-cubical parabola y? = «3 and 
the line « = 4. 


8. Find the area included between the semi-cubical parabola y*? = «3, the 
y-axis, and the line y = 4. 


9. Find the area included by the parabola y? = — 4, and the line x =— 1. 


10. Find the area included by the parabola «2+ 12y=0, and the line 


y= — 3. 
11. Find the total area included by the curve y = #3, and the line y = 24. 
12. Find the area of the first quadrant of the circle a? + y? = r2, 


13. Find the area intercepted between the codrdinate axes and the parab- 
it ig te ues 
ola x? + y? = a?. 
14. Find the area included between the hyperbola xy = k?, the a-axis, and 
the ordinates at 7 =a, «= b. 


— 


* Figures of some of the curves referred to in examples throughout the 
book are given in the Appendix. 
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30. Volumes of solids of revolution. Let PQ be an are of a 
curve whose equation is y=/f(«). Draw the ordinates AP, BQ, 
and let OA=a, OB=b. The volume of the solid PQML 
generated by the revolution of APQB about the z-axis is re- 
quired. On the revolution of PQ each point in the are PQ 
will describe a circle. Suppose that AB is divided into n equal 
parts Aw, and let OQ,= x, Q,Q,= Aw. Construct the rectangles 
P,Q. P.Q, as indicated in the 
figure, and suppose that they 
have revolved about OX with 
APQB. 

It is evident that the volume 
of each plate, such as P,P,N2M,, 
of the solid of revolution is less 
than the volume of the corre- 
sponding exterior cylinder gen- 
erated by the revolution of the 
rectangle Q,R,P:Q, about the 
x-axis, and greater than the vol- 
ume of the corresponding interior cylinder generated by the 
revolution of the rectangle Q,P,R,Q, about the w-axis. Now, 


the volume of the cylinder generated by QP: R.Q, 
= P,Q, Ax 
= ry’ Ax 
=7[f(@) Aa; 
and the volume of the cylinder generated by QR, P,Q. 
= «P,Q; Aw 
= a[f (e+ Aa) PAa. 
Hence, z[f()]’Av< P,P,N,N, < t[f(@ + Az) Aa. 


Suppose that PQMZ is divided into n plates, such as P.P,N2M,, 
one plate corresponding to each segment Aw of AB; and suppose 
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also that the interior and exterior cylinders corresponding to 
each of these plates are constructed. Then, on taking the sum 
of all the interior cylinders, and the sum of all the exterior 
cylinders, and the sum of all the plates P,P,N,N,, the latter 
sum being the volume required, 


> Lf (a) Aw < PQML <)or [f(@+ Ax) |? Aa. 


As Aw approaches zero, the sum of the exterior cylinders ap- 
proaches equality to the sum of the interior cylinders. The 
difference between these sums is at the most an infinitesimal of 
the first order when Aw is an infinitesimal, and accordingly has 
zero as its limit. Therefore, since the volume required always 
les between these sums, 


2=6 


volume PQML = limit. ye Cra) P Aa; 


that is, volume POML = foal f@or dit. 


The element of volume is 7[f(#)]?dx; this is usually written 
ny’ dx, since y=f(v). This value of the element may readily be 
deduced from the figure on supposing that Q,Q, is an infinitesimal 
distance. 

If an arc of y=/(#) between the points for which y=e and 
y=d revolves about the y-axis, it 
can be shown in a similar way that 
the element of volume is ra? dy, and 
that the total volume generated by 
the revolution is 


ad 
nf ax? dy. 


Before integrating it will be neces- 
sary to express a in terms of y. 
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Ex. 1. Find the volume of the right cone generated by revolving about 
the «-axis the line joining the origin and 
the point (h, @). 


Let M be the point (h, a). The equation 4 - 
of OM is M 
axe = hy. 
The element of volume is ry2dx. Henee, 
h x 
volume OMN = nf y? dx B 
0 
h a2y2 
37 /§2 ———— 
h2 
_ nah N 
aaa . Fria. 26. 


This may be interpreted: the volume of the right circular cone OMN is 
equal to one third the area of the base by its altitude. 

Ex. 2. Find the volume of the cone generated by the same line on reyoly- 
ing about the y-axis. 

In this case, the element of volume 
is 7x dy. Hence, 


0 


@ fy2y/2 
hey? 4 


a xX 


WM 


m ah 
3 


Ex. 8. Find the volume of the solid 
generated by revolving the arc of the Fia. 27. 
parabola y2 = 4px between the origin and the point for which « = a, about 
the x-axis. 

In this case, 


x 
volume OPP; = rf 'y? dx 
0 


Bol 
a rf 4 px dx 
0 
ay mw pay? 5 xX 
or, since y2 = 4px, 
2. 
OPP, = — aut 


Hence, the volume is one half the 
volume of the circumscribing cylinder. Fie. 28, 
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Ex. 4. Find the volume generated by revolving the arc in Ex. 3 about the 
y-axis. 
i In this case, 
¥: 
volume OPQ = rf ‘a2 dy 


0 


2) 
ty 


ny yt 
4 =e = 
o 16 p? 
Y, 
1 
SLI tame 
| . 5-16 p2? 

Y or, Since y= 4px, 
Fie. 29. 


volume OPQ = 4ry1x1?. 


Hence, the volume required is one fifth the volume of the cylinder of base 
PQ and height CO. 


Ex. 5. Find the volume of the solid generated by the revolution about the 
x-axis of the are of the curve y = (a + 1)(~-+ 2) between the points whose , 
abscissas are 1, 2. 


Ex. 6. Find the volume of the cone generated by the revolution about the 
x-axis of the parts of each of the following lines intercepted between the axes : 


@) 2x2e-4 = 10; (c) 4%—5y+38=0; 
(0) 7€4+2y+3=0; (@) 384—8y=5. 

Ex. 7. Find the volume of the cone generated by the revolution about the 
y-axis of the parts of each of the following lines intercepted between the axes : 
(a) 4e+3y=6; (©) 54—7Ty+35=0; 

(b) 8%—4y=6; (dd) 24+6y7y+9=0. 
Ex. 8. Find the volume of revolution about the z-axis of the ares of the 
following curves between the assigned limits : 
(OD) USS, Wa, eR (O) (CPSP eS Oy SHU, = We 
Ex. 9. Find the volume of the solid generated by the revolution about the 


x-axis of the curve y? = cx from the origin to the point whose abscissa is a. . 


Ex. 10. Find the volume of the solid generated by the revolution of the 
same arc as in Ex. 9 about the y-axis. 


Ex. 11. Find the volume of the solid generated by the revolution about 
the y-axis of an are of the curve in Ex. 9 from the origin to y = yy. 


Ex. 12. Find the volume of the prolate spheroid generated by the revolu- 


02, 2 
tion of the ellipse = a a = 1 about the z-axis. 
a? . 
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31. On the graphical representation of a definite integral. In 
Arts. 4, 6, attention has been drawn to the principle that any 
definite integral, whether it denotes volume, length, surface, 
force, mass, work, etc., may be graphically represented by an 
area.* A simple illustration may put this in a clearer light. 

Ex. Find the volume of the right cone generated by revolving about the 


x-axis the line drawn from the origin to the point (4, 1). 
Let P be the point (4, 1), 


and let POQ be the cone of ef 
revolution. The equation of 
OR NSeAnji—"a: 

Hence, 


vol. POQ = f “ry? dee 
0 
4 ary 
= \ ake 
0 16 oe) 


TT. 


col 


The volume is thus 4 7 cubic 
units of the same kind as the 
linear unit employed. In = Q 
order to represent this volume graphically, draw the curve OHR whose 
equation is 

Tv 


¥Y=—= x, 
16 


ae being the function of # under the sign of integration in (1); and draw 


the ordinate CR atzw=4. The area ROC graphically represents the volume 
POQ. For, 


= 2 a (2) 


Equations (1) and (2) show that the nwmber of cubic units which indi- 
cates the volume of POQ is the same as the number of square units which 
indicates the area of ROG. In the same way, if the ordinate NH be drawn 
at any point N, for which «=a, say, it can be shown that /; a> denotes 
both the number of cubic units in the cone WOZ and the number of square 


* On account of this property the process of integration was called by 
Newton and the earlier writers ‘‘ the method of quadratures,”’ 
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units in the area HON. It is thus apparent that the number of cubic units 
in LMPQ is the same as the number of square units in NHRC, namely 
gs 7 (64 — a’). Hence, 
vol. POQ: vol. MOL: vol. LMPQ 
= area ROC:area HON: area NHEC. (8) 

If the curve y =; ma? be drawn, the numbers which indicate the areas 
will be m times the numbers which indicate the volumes of the correspond- 
ing sections of the cone. But the ratio of any two right sections of the cone 
will be the same as the ratio of the two corresponding areas, and proportion 
(8) will still hold. The curve y = + ma? can therefore be used to represent 
the volume. It is sometimes well to use a multiplier m for the sake of con- 
venience in plotting the curve that will graphically represent the integral. 

Nore. If the first integral curve (see Art. 15) of OHR, namely, 


© or 1 
Of == —— Te 
eA a farce: 


be drawn, its ordinates represent both the areas of the segments of OHR 
and the volumes of the segments of the cone POQ measured from 0, 


32. Derivation of the equations of certain curves. Oftentimes, 
when a curve is described by some property belonging tq it, the 
formal analytic statement of the property involves differential 
coefficients. In these cases the derivation of the equation of the 
curve consists in finding a relation between the codrdinates which 
will be free from differentials. Examples of this have been given 
in Art. 12. <A few additional simple instances are introduced 
here. In the larger number of cases the derivation of the equa- 
tion of the curve will require a greater knowledge of differential 
equations than the student possesses at this stage; and hence 
further problems of this kind will be deferred until Chap. XIII. 

Ex. 1. Determine the curve whose subtangent is m times the abscissa of 
the point of contact. Find the particular curve which passes through the 
point (5, 4). 


Let (a, y) be any point on the curve. The subtangent is yee By the 
given condition, y 


dx 
— = 29, 
vy 
This may be written, da _ndy. 


wey. 
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Integrating, loge + logx=nlogy; 
whence, y= Cx. (1) 


All the curves obtained by varying c, satisfy the given condition. 
If one of the curves passes through the point (5, 4), for instance, 


4n = 5¢. (2) 
Substitution in (1) of the value of ¢ from (2) gives 
OY Ane, 


as the equation of the particular curve through (5, 4). 
What curves have the given property for n=1? n=2? n=$3? n=}? 
t=? 


Ex. 2. Find the curves in which the polar subnormal is proportional to 
(is & times) the sine of the vectorial angle. What particular curves pass 
through the point (0, 2 7)? 


The polar subnormal is gi By the given condition, 
dé Z 


dr =ksin 0. 
dé 
Integrating, r=c—kcosé. 


For the curve that passes through (0, 27), 0=c—k; whence c=k. 
Hence, the equation of the particular curve required is 


7r=k(1 —cos 6), 
the equation of the cardioid. 


Ex. 3. Determine the curve in which the subtangent is n times the sub- 
normal ; and find the particular curve that passes through the point (2, 3). 


Ex. 4. Determine the curve in which the length of the subnormal is pro- 
portional to the square of the ordinate. 


Ex. 5. Determine the curve in which the subnormal is proportional to (is 
k times) the nth power of the abscissa. 


Ex. 6. Find the curve in which, for any point, the length of the polar 
subtangent is proportional to (is & times) the length of the radius vector. 


Ex. 7. Find the curve in which the angle between the radius vector and 
the tangent at any point is n times the vectorial angle. What is the curve 
when n=1? when n=? 
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EXAMPLES ON CHAPTER IV. 
1. Find the area of the figure bounded by the curve xt + ane + ara? 
+ b3y = 0, the x-axis, and the ordinates at « =0, «=a. 
2. Find the area inclosed by the curve xy? Say ie 2y? and the lines 
=U, 7 SU, Sb 


8. Find the area included between the parabolas y? = 4 ax and «? = 4 ay. 
4. Find the area included between the catenary y=-— ee oe ae 
axes of codrdinates, and the line «=. 


5. In the logarithmic curve y=e* prove that the area between the 
curve, the axis of x, and any two ordinates is proportional to the difference 
between the ordinates. 


6. Find the area included between the curve y= pom and the line 
a x 
Yi i 


7%. Find the area bounded by the curve y = x3 + az?, the w-axis, and 


(a) the ordinates at x =— a, and«=0; 
(6) the ordinates at~=0, ex=a. 


8. Find the area inclosed by the axis of w, and the curve y= a — 23. 
9. Find the entire area of the curve y? = a?x? — a. 


10. Find the area included between the curve y? (a? — 2?)= a2x? and its 
asymptote «=a. 


11. Find the entire area contained between the curve y? (a?—2) = at 
and its asymptotes «=a, x=—a. 


12. Find the area included by the curve xy? (a — a?) =a and its asymp- 
tote @ =a. 


13. Find the area of the loop of the curve a3y? =«4(b + #). 
14, Find the total area bounded by the curve aty? + b?x4 = a2b2x?. 


15. Find the volume of the solid generated by the revolution about the 
“-axis of : 

(a) y?= «x — x? between the ordinates # = 1, 7 =2; 

(b) (a? — «*)y* = a® between the curve and its asymptotes w=a, x=—da. 


16. Find “ge ene eenerated by the revolution about either axis of the 
hypocycloid as ae y= = as, 
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17. Find the volume of the solid generated by the revolution about either 
i eed. 
axis of the parabola «2 + y2=a@?. 


18. Find the volume of the solid generated by the revolution about the 


y-axis of that portion of the catenary y=“(e++e 4) between the lines 
oe = 2 
C= Oe = — a, 
x8 
2a—% 


19. Find the volume generated by the revolution of the cissoid y? = 
about the «-axis from the origin to « =a. 


20. Find the volume generated by the revolution of the cissoid in Ex. 19 
about its asymptote 7 =2a. [Reference may be made to the table of in- 
tegrals in the Appendix. ] 


21. Find the volume of the frustum of a cone obtained by rotating about 
the x-axis the line joining the points (— 4, 1) and (3, 6). 


22. The hyperbola «y = c? revolves about the axis of y. Show that the 
volume generated by the infinite branch extended from the vertex (c, ¢) 
towards the y-axis is equal to the volume of the cylinder generated by the 
revolution of the ordinate at the vertex about the y-axis. Show that the 
area which generates the first volume is infinite. 


23. Find the volume of the ring generated by the circle «? + y? = 25 re- 
volving about the line # = 7. 


24. Show that in the solid generated by the revolution of the rectangular 
hyperbola x? — y? = a? about the x-axis, the volume of a segment of height @ 
measured from the vertex, is equal to that of a sphere of radius a. 


25. Show that the volume generated by the revolution of one semi-undu- 
lation of the curve y = bsin : about the z-axis is one half that of the circum- 
scribing cylinder. 


26. The figure bounded by a quadrant of a circle of radius a, and the 
tangents at its extremities, revolves about one of these tangents; find the 
volume of the solid thus generated. 


CHAPTER V 
RATIONAL FRACTIONS 


33. A rational fraction is one in which the numerator and 
denominator are rational integral functions of the variables. 
The fraction is proper when the degree of the numerator is 
lower than that of the denominator. If the degree of the 
numerator is greater than that of the denominator, division can 
be carried on until the remainder is of less degree than the 
denominator. Suppose that WN, D are rational integral functions 
of w, and that the degree of WN is greater than that of D. By 
division, 


Dian ee 
Halt 
in which R is of lower degree than D; and, therefore, 


{Fe = {Qae+ (Fax, 


In order to integrate the proper fraction a it is often neces- 


sary to resolve it into partial fractions. It can be shown that 
any proper rational fraction can be decomposed into partial 
fractions of the types 


A B Cx + G Ha + Ff 
a—a’ (w—a)” @+pe+q (2+ pe+Q)” 


in which 4, B, C, G, H, F are constants, 7, s positive integers, 

and a+ px+q is an expression whose factors are imaginary. 

For the proof of this and the related theory, reference may be 
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made to works on algebra.* Here nothing more is done than 
to work some examples in the principal cases that occur in 
practice. 


34, Case I. When the denominator can be resolved into factors 
of the first degree, all of which are real and different. 


Ex? 1 Find (= ee 


3 — 9% — 6% 
On division, a ae Ee =e+14 0CZ—2 , 
xe — “4? — 6% — x? —62" 
6(2”%—1) 
z+1+————_+_ 
a 13 VI AC RION 
Put OE Se See ae OE. (1) 


x(e—-3)@+2) 4 w«-38 4+2 
in which A, B, C are constants to be determined. 
Clearing of fractions, 
6(2%~—1)=A (aH — 8) &+ 2) + Bu (x + 2) + Cx (a — 8). 


Since this is an identical equation, the coefficients of the same powers of 
x in each member are equal. On equating the coefficients of like powers of 


x, it is found that 
A+B+4+C=0, 


—-A+2B-30= 
—6A= —6. 
On solving these equations for A, B, C, there results 
SN pee he IB a Oia 


Therefore, after substituting these values in (1), 


ot — T2216" —6 if 1 2 3 ) 
a-Si = 1 oe ——— dx 
j e8§ — x? — 6x “ i Paneer x+2 


=ha%+x-+ loge + 2log (x — 3) — 8 log (w+ 2) 


x (% — 3)? 


=40(@ +2) + log 


* See Chrystal’s Algebra, Part I., Chap. VIIL, Arts. 6-8. 
+ A few remarks on the decomposition of rational fractions are given in 


Note A, Appendix. 
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A shorter method for calculating A, B, C, could have been employed in 
the example just solved. 
6 (2% —1) A B 6 


Fa G2) eee) eee 


Since 


is an identity, it is true for any value of x. 
Clearing of fractions, 


6(2%—1) = A(w@—8)(@+ 2) + Bu(w+ 2) + Cu (a — 8). 


On letting the factor 105 PAs ales 
on letting the factor 5 SA OP 4s G3. B=? 
and on letting the factor « + 2 =0, or“ = — 2, C3 
Ex. 2. Peer ieee eee Ex. 12, (_2¥3dx_ 
=—x7—6 Meee 
Ex. 3. jee. Ex. 18, pee as 
a2 — 2% — 35 Big A ‘ 
paar thd (Ela, Bx.14, (+1 + 62-64, 
w—8xe%+2 ee+2a i 
Ex. 5. (—“. Bx. 15. { ee alae Es, 
a — % a(% —p)(% + q) 
Ex. 6. ((@+t)D4, Ex. 16. paaeee aye 
x(a? — 1) (% — 1)(@ — 2) 
Ex. 7. f SLO PURE Sy Ex. 17. f (+ Ide | 
x? —(a+ b)x + ab g2+2e—4 
Ex 8 (8a + 1)da . Ex. 18, ((8@=—8127+412—6)dw_ 
207+ 84% —2 12(a*—6 a3 +11 22-62) 
Bx, 9, (A=3#)dx, Ex. 19 fGen oe. 
3a — 28 Jet be +6 
Ex. 10. f CER Ex. 20. i\ ae oe 
a2 +%—6 xe’ — T+ 1423 —8-2 
1 + #)d “— = = 
Pett, (see ee Ex. 21. (i a) (@ — b)(@ — 6) 5 
capa (x — a)(% —8)(@ — ¥) 


[Succxrstion, — Assume the fraction equal to 1 + AS + ete. ] 
x — a, 
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35. Case II. When the denominator can be resolved into linear 
Jactors, all of which are real and some of which are repeated. 


ee ees “erst, J 
Ex. 1. f= ; : 
2 — 243 + 22 se 
623 —80r—4e¢+1. 4, B C D 
Let cae Ea Seed pe tse® 
x?(~ — 1)? Be) oa (Gabe 


in which A, B, C, D, are constants to be determined. 
Clearing of fractions, 


603 — 8a? —4x44+1= Ax(@—1)?+ Bw —1)? + Cx? (e%@—1)+ Da. 


Equating coefficients of like powers, 


A+C=6, 
—-2A+B-~-C+D=-8, 
A= 2B 4, 

B=1. 


On solving these equations it is found that A =— 2, B=1,C=8, D=—6. 
Therefore, 


603 —8a2—4%+41 a Pell! 8 5 ) 
dt = = dx 
= ea “2 (4" — 1)? if ( pa ee (a — 1)? 


a olor ee 8 log (# — 1)-+—— 
x x—1 


== 8 
ile ee 
x 


x(x — 1) 
du 3a (a — 4) dx 
Pee, |". Wxneg (pee 
yeaa (a —3)8 
: (@ — 1) dx. Res (Ga, 
Ex. 3. \acay mS 3 +292 + % 
2 (4% +2) dx is: 9: a die 
Ex. 4. “e+e +1? I eos +a 
a bx (40? + 4-2 
* dhe. Ex. 10. j= Ha. 
Ex. 5 Nie ve CE ad) Fi? 
Ex 6. (2% __. Bx. 11. (_C#—2)@ 
"J (3V5 —2—2)8 (2 + 38)(@ +1)? 
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Ex. 12. iS x? de Ex. 14. 9(2 + 44 — a) da 
a +5024 8044 ; (a2 — 4% — 2)8 
Ex. 13. Saar Ex.15. ((@@+D&, 
(a? — 2)2 x (% — 1) 


36. Case III. When the denominator contains quadratic factors, 
the linear factors of which are imaginary. This case can be sub- 
divided into the two following: 

(a) When all such quadratic factors are different. 

(6) When one or more of them is repeated. 

The latter case seldom occurs in practice. For each power, 
from the first to the nth, of these quadratic factors, a numerator 
of the form Mx+ N, in which M, WN are constants, should be 
assumed. 


4 dx : 
e+t4n 


Ex. 1. Find i 


4 =4 Be + C 


Assume 
a(a2 +4) w+ 4 


Clearing of fractions, 
4= A(a? + 4)+ «(But C). 


Equating coefficients of like terms, 


A+B=0, 
C=; 
4A=4., 


The solution of these equations gives 
VAN luo rs a 


4dx _(/1 x 
Hence, ae aq) ae 
= logx — }log (a + 4) 
= log — 
Va2 +4 


Ex. 2. Find f a + 1 die 
(%@ — 2) (a? — 2”%+4 3)? 
x? +1 el (Bie) re De+H 


Assume = : 
(% — 2)(a?7-2%+4+3)? 2-2 2-244+3 (@?—24%-+43)2 
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Clearing of fractions, 
3 + 1= A(x? + 2% 4 3)2?+ (Be + C) (a — 2) (@?—-2443)+(Dx+F) (e—2). 
Equating coefficients of like powers of a, 
A+ B=0, 
—-4A4+ C0-4B=1, 
1044+ 7B-—4C+D=0, 
—12A—6B+7C+H-2D=0, 
9A-—6C-2H=1. 
The solution of these equations is, 4=1, B=~—1, C=1, D=1, H=1. 


Hence, 
(a8 + 1)da =| hose x—1 4 pal 
(~ — 2)(@? —2a” +43)? oF e—2074+3 (a Seo 


= log 2 1 +f 2 dx . 
n/ 42 - a  2(a? — 2a + 8) (a? 20+ 3)? 


The last integral can be found by means of reduction formule to be given 
in the next chapter. 


Ex. 3. fous e Ex. 6. (OEE SOILS 
a? + oe (a + 1)? 
207 +e+8 f (202 + % + 2)dax 
Ex. 4 dx. xs. 
7: (% + 1)(@? +1) (8a +2)(202+40%+4+4) 


Ex. 5. peters iat 422 ee 8 (One ee, 
3823 + 6 3— 607 +112 


Ex. 9. (eae eae 
(a +4) (@ +1) 


Ex. 10. (eee an. 
(x? + 3)3 


met (= +343 + 38022 + 17% + 15 ae. 
3 (a2 + 5)8 


af Shae 
Ex. 12. f wal ay Ex. 13. { a0" (a" — 6) de 
ee+380 xt + 6a24+8 


8a—7 2 + 4 she 
Ex. 14. Ff dx = log —_*—_ + _ 1} tan-1 =. 
z a a Ae A S@+i? D 
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CHAPTER VI 
IRRATIONAL FUNCTIONS 


37. The integrals of irrational functions can be found in only 
a few cases. In some instances, by means of substitutions, these 
functions can be changed into equivalent functions that either 
are in the list of fundamental integrals, or are rational, and 
therefore integrable. In other instances the integral can be 
found by means of a formula of reduction. A few irrational 
forms have been discussed in preceding articles. 

38. The reciprocal substitution. Sometimes the integration of 
an irrational function is facilitated by the substitution 


Ex,.1. Find {Lee 
x 


dx = _fwe ~1)*tdt 


On putting i (pas 
as 


_ (ae 12 
3 a 
(a ta, 2)? 
Baas 
Bx. 2. f poe Ex. 5. f Aunts 
(a2 — a2)? ava? — x 
Ex. 3. j-— Ex. 6. j-— 
(a2 — a2)? ava? + a? 
nee (ae OTD 
Ex. 4. j— Seas Ex. 7. fe ae. 
(a a Ty? at 
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Ex. 8. f= Ex. 11. jf“ 
eV a2 + ao eV 2 ae — x2 
re 9. f Pade. Ex. 12. f--4— @ dee 
ava? — x CG alaeyh 
dat Wore og 
Ex. 10. \—— we — % 
Wee Ex. 13. f ee de. 


39. Trigonometric substitutions. Although the integration of 
trigonometric functions is not discussed until the next chapter, 
it may be stated here that trigonometric substitutions sometimes 
aid the integration of irrational functions. The following sub- 
stitutions may be tried: 

(a) «= asin @ for functions that involve Va? — 2, 

(b) «=a tan 6 for functions that involve Va? + x, 


(c) «=asecé for functions that involve V2? — a? 


Ex. Find jve —«dx. (See Ex. 1, Art. 23.) 


On assuming x=asind, de =acosddd, 
2 
and f Ve =# ae = a cos?oda =< f (1 + cos26)d0 « 


ae F eC . 
Ss 3 sin 2 6) sr (0 + sin 6 cos @) 
=H sin12 + eVa? — w). 

a 


40. Expressions containing fractional powers of a+ bx only. If 
n is the least common multiple of the denominators of the powers 
of a+ ba, these expressions can be reduced to the form 


F(a, Va-+ ba). 


If F(u, v) is a rational function of u, v, then (FO, Va + bx) dx 


can be changed into a rational form by means of the substitution 


a+ bx = 2". 
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wee n—1 
For then ea” gap ae, 
b b 
and hence, fF@ Va + bx) da =? ae = @ 2 eda 


Expressions that contain fractional powers of # only, belong to 
this class. This is apparent on puttinga=Oina+ba. If n is 
the least common multiple of the denominators of the exponents 
of x, the function can be changed into a rational form by the 
substitution 

v= 2" 


Ex. 1. Find j- 
ava + ba 


2 _ 2 
On making the substitution a? + be = 2, x=*—"%, dv= 22 ae. 


; da =o dz 
oe Sava JF 
# 


Ex. 2. “Wind ma dx. 


1423 


The L. C. M. of the denominators of the exponents is 6. If # = 26, then 
dx = 62> dz, and 


1 


tan oP heer 
eee 


=6((#—#+2-14_4 \ 2 
1+ 22 
= (Get g ot ane 


2 B} 


ai 
=6ae(ta —143 + ta? —1)4 6 tan-t a, 


3 2. a 
Ex. 8. Find ( VE de Tad eed (i i Sea cae 
Be 15(@ + 25) 
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1 = qa 
re at 4+ Ve Ex. 9. f- —_“*____. 
Beene ee Vi + 1(3-42Ve 41) 
ry cf ~20h)ae Ex. 10. (eee 
Xe jj Vee 
at + at 
px. 7, VBaTVe + eve, «Bx. UL. ( (8-2) Ve apa. 
a( Va ~ V2) 
- 7 Ex. 12. f—#. 
Be fe a+ bada. (2a +3)5 
m 


41. Functions of the form f{a?, (a + bx?) ”}. adm, in which mM, 
m are integers. If f(u; v) is a rational function of u, v, these 
functions can be rationalized by means of the substitution 


a+ ba? = 2". 


, and the function becomes 


Be & a ag *) eo da 


Ex. 1. Find f-“— . (See Ex. 10, Art. 38.) 
avo? — a 


For then, 2 bada=nz""dz, a? = eee 


1 iy x 
ava? — a? 2? Va? — a? 


This belongs to the form above, since 


On putting 42 — a= 22, sdx=zdz, a= 22 -+ a, and 


f di J i\ dz 
aV ee — a2 z+ a? 


—l tan-12 
a a 
2 2 
ols eave aN tee 
a a a x 


3 
Bx. 2. (——“ __. (See Bx. 8, Art. 38.) Ex. 3. 2 we 
ave + a2 Vie 
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roe f- TE x5 (| a3 dx 
(et a? Vio (2 + a?) Va? + 5 


Ex. 6. If f(u, v) is a rational function of uw, v, show that 


rae 
"ae + 2 a 
t (x A +d 
ax+b 


can be rationalized by means of the substitution a 
cx 


=e 


42. Functions of the form F(x, Va2+aax+b)dx, F(u, v) 
being a rational function of u,v. If the radical be Vma*+px+q, 
it can be written Vm NE +2» mis us 

m mm 


The given function can be rationalized by assuming that 


Vier7+aev+b=2—2, 
and then changing the variable from 2 to 2. 
For, squaring and solving for a, 


ey eee 
a2? 


. 

92 

whence, 2—-%= otee*, 
a+2z 


and j dx = “ae 


(a+ 22)? 


Therefore, on substitution, 


+ 2b gtaz+b\22+az+b 
F(«, Ve + aw +b) d =2(F g d 
ih Coy tr) ae eer a+22 aoe i 


E f da ; 
wVe2+e+1 


Assume Vara Ll =F — a 
Squaring and solving f ae 
Squaring and solving for a, ss 
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Hence, di = 22 + 2+) x 
(+222 ° 
and Vinee eee cee 
1422 
yt 
On substitution, j fe Ss, —2 dz i hee 
eVer+a+til a—] = 
=lo z—1 
e241 
log Cav ae 


e+1l+ve2+a41 


43. Functions of the form f(~, V—a?+ax+b)dax, 7(u, v) 
being a rational function of u,v. If the radical be V —ma®’+patq, 


it may be written Wm \ = a + a If the factors of 
— + aa +b are imaginary, V— «+ ae+b is imaginary. For, 
if one of the factors is s—a+i, the other must be —(#—a—if), 
and hence, 
—?+anx+b=—(a4—a-+ if)(a—a— if) 
=—{@— a) + BY, 


which is negative, and has an imaginary square root whatever x 
may be. Only cases in which the factors of —a’+ax+b are 
real will be considered here. 


Let —2+ax+b= (a4 —a)(B —2). 


Assume V— 2+ aae+b 


or V(@ — a)(B — #) = (@ —a)2. 
Then, squaring, B-—a= (a@—a)2, 
ee az’? + B 


1+?’ 
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d 


(1 + 2’)? 
and V— 2 +ae+b= =(@— «je 
Hence, on making the substitutions, 
: 2 
Fe eg ee +B (B—a)z\ zdz 
(a, WV a + ax + b) da (a — f) bee 1+ 2? CEa 


which is rational, and accordingly integrable. 

Equally well, the substitution, V(# —a)(B — ie (B — x)z, 
might have been made. 

It follows from this article and the preceding article that, if X 
is the indicated square root of an expression of the second degree 
in x, every rational function f (w, X) is integrable. 


Ex. 1. Find f fame at ae 
wV— x2 +52 —6 
Assume 


V—0+52%—-—6=V(%—2)8—2)=(a— 2)z. 


From this, on squaring, 8 —x%=(“@— 2)22, 
2 
Hence, = ELE S 
2+ 
22dz 
dx = — 
@+ 1” 
and —a@+5%—6=(@—2)¢=—*_. 
Vie + =@—2)2=5%— 
Therefore, on substitution, 
f dx sets 
aV— a2 + 5% —6 Terk 
=—v?2tan-1V2z2 


an 22a) 
=~ tan—1 Wea) 2) 


dx 


Ex. 2. j—— a Joo, Bh ji —. 
(1 + 2%) V1 — a V2e2438a44 


43-44,] IRRATIONAL FUNCTIONS | 91 


Ex. 4. a da. Ex. 6. f-—-“—. 
a2 weV1 — 22 
e+ : 

bx. 6. f{—241_ a, Bx. 7, (O2—" ay 

Ver+ae+1 i 02 


44. Particular functions involving Vax? + bx + ¢. 


(a) If a is positive, 


1 
———— log (2 aa +b + 2Va Vaa? + ba +c). 

Ww) , 

Vaae+be-e Va (Ex. 43, Chap. IIL) 


(0) If a is negative, say — a, 
f da Ly 2a — bd 
Smee = 11 
V ae + bete Va; Vb? + 4ac 


(Aa + B) 
©) eee aes 


Since ‘ (aa? + be +c) =2ax+d, 
x 


(Ex. 44, Chap. IIL.) 


and Av + B= A Gav +d) +B- 2 
f a ae Oi Bar pa EU dx 
V ax? + ba + ¢ 20S ~/aa? + ba +e 


Ab 
+ ee 
(2 ia eee a bx | ¢C 


=A Jog + ba +¢-+ an integral of the 
a 
form (a) or (0) above. 


Cee 

Var +24+38 

Since SP + 20 +3) =20 +2, and #+3=41(24% + 2) + 2, 
dx 


Ex. 1. Find f 


joe 
Var +2443 Ver +2n+4+8 V(a@ +1)? +2 
= Ve2+2¢+4+38+42log(@4+14 Va? +2” +4 8). 


f (w+38)de _=1( (%+2)du 
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Ex, 2. ————— «Ex. 6. fee (5 + 3%) dw 
V5 02-224 +7 V6—382% —222 
Ex. 8. oe Ex. ”, G2 ae 
V3 02-441 
pee Uh \ eee Ex. 8. fCse oe 
= V «a2 —3 
Ex. 5. ji oD ee UES TAY 7) 
V—2024+384+4 V302—32% +1 


(d) i; a i SSSR Ne hk 
(a — a) Vax + ba +c (% — a) Vax’ + bx + ¢ 
M, N being constants. 


On putting «—a= L i= = a, and the first integral takes 
the form & : 
ih V Az + Be+ O 
in which A, B, C, are constants. The first integral is thus 
reducible to (a) or (0). 


Since Mx + N= M(x —a)+ N+ Ma, 
f (Ma + N) M(« — «)+ N+ Ma es 
(@ — a) V ae? mare” (@ — a) Vax’ + be +e 
da 
——___——__— + (N+ Ma) | ———______. 
oil peree +c ) (a — a) Vax? + be +e 


The two integrals in the second member have been considered 
above. 


Ex. 10. Find § EB i 
(a —1)Va?—-24+43 
On putting me Th Sete du =—1 az, and 
Z aE 
f Gt j de oe Gan SV oe) 
(a —1)Va?-24+4+3 V1+4+22 V2 


aay Va? — 20 +8 4V2 
v2 x—1 
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Ex. 11. Find f Gea ae. 
(@ + 2)V20?+4+ 84+ 10 
. 30-42) «¢ 4 eee 
S = 8 —-——.,, and 247+82+410=2 2yeR 1 
ince ane es and 242+ 8a +4 MCP Sp y 
f (8442) da ues dee ~2v2 f dx j 
(@+2)V2 02484410 V24 V(a+2)?41 (@+2) V(~@+2)241 


The integrals in the second member belong to forms already considered. 
Integration gives the result, 


3 SSS Ver +4e4+541 
INGE GE BD ESI) VO hayes ee 
a5 ale ) iS ri 


Ex. 12. ft. (Suagestion : a a as oer 
(—8) V5 «2 —26 x+34 x—3 x— 


Ex. 13. f— 
eVort+e+1 


Ex, 14. f-2 
(@—-1)V1+4+2a — 22 


45. Integration of a”(a+bx”)Pdx: (a) by the method of 
undetermined coefficients; (b) by means of reduction formule. 
Some integrable functions are of the type x(a + ba"), in which 
a, b, m, n, p, are constants. The exponent n can always be 
positive. If the integration of an expression having this form 
is possible, it can always be effected by the method of “inte- 
gration by parts.” A shorter method, however, may sometimes 
be employed. The given integral is expressed in terms of a 
function of w not affected by a sign of integration, and of 
another integral which is easier to integrate than the original 
function. 


(a) Rute. Put fara + dary ae equal to a constant times 
one of the integrals 


f a™ "(a + ba")? da, f xm *n(a, + bx")? dx, 
fi a™(a + ba)? da, fora + bx")? da, 
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plus a constant times «\t!(a + ba”)#*t!, in which A, » are the lowest 
indices of wand of (a + ba”) in the two expressions under the inte- 
gration signs. Then determine the values of the constant coeffi- 
cients thus introduced. 

For example, on taking the first of the four integrals referred 
to in the rule, 


a (at ba”)? d= Aa" (a+ bar) + Bia —™(a+ba")Prdx. (1) 


Here A, p, the lowest indices of x, (a + ba"), under the sign 

, are m—n, p; and from this the term Aw™"*!(a + bx")?! is 

derived. In order to determine the coefficients A, B, differentiate 

both members of equation (1). The result, after simplifying, is 
a” = Ab(m+np+1)e+ Aa(m—n+1)+B. 


From this, on equating the coefficients of ike powers of 2, 


= il pi amare) 
~ b(m + np +1Y ~ b(m +np + ly 


The substitution of these values in (1) gives 


gem —n+ lia+ bar)p +1 
b(m + np +1) 


fam (a + baxe”)P dx = 


a(m—n-+1) % 
Sewer "(a+ ba)Pdx. [A] 


Similarly, by connecting fi: a” (a + ba")? dw with the other inte- 


grals mentioned in the rule, the following results are obtained: 


amtl(a + bac”) P +1 
acm +1) 


fam (a + ba”)P dx = 


_bm+n+ np +1) 
acm +1) 


fam +a bar)? de. (B] 


gem ti (a + ba”)P 


m n\p = a 
Sex CER I minpt+t 


anp 


A 2... re 
Tn +np+1 fa (a+ ban)?! dee. [C] 
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amtla + ba)ptt 
m n\p 5 eee ee ee PEL SAS Sy 
Sx OS re Le an(p +1) 


m+n+np+i 


pED famca + ba”)P+1dax. [D] 


In each of the four integrals with which | #™(a + ba”)? dw may 


be connected by the rule, m is either increased or diminished by 
n, or else p is either increased or diminished by unity. The values 
of m and p will indicate the one of the four which is simpler than 


x” (a + bx")? dx, and may preferably be connected with it. Suc- 


cessive applications of the rule are necessary in some cases. 


(b) The results A, B, C, D, can be used as formule of reduc- 
tion. It is necessary only to make carefully the proper substitu- 
tions for m,n, p,in them. It is not necessary to memorize these 
formule, as they can be kept for reference. 

It is well to be familiar with the process of deriving A, B, 
C, D, so that they can be readily obtained when required * 
if necessary. Formule A, © fail when m+np+1=0, B fails 
when m+1=0, and D fails when p+1=0. In these cases 
other methods can be used. 


Ex. 1. eee att dat 
ig TE 


Here, jae! SH Sy CRS ie Ie 


a2 
On connecting this integral with j=, by the rule in (@), it follows 
2 


that la 


* Another method of deriving these formulz, that of integration by parts, 
is given in Note B, Appendix. Other formule of reduction can be obtained 
by connecting 


fenrca + ba)e dx with f(a + ban)etl} dx and fan + bam)—] dx: 


in the manner described in the rule in (@). The student may derive the 
formule in this case as an exercise. (See Edwards’ Integral Calculus, 
Art. 82.) 
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ae 2 

(1) i t= Ays J/g — a + B, {= ee 

Vat — a Vat — x 
The integral in the second member may be connected with f oe thus, 

Vat—x 
2 

(2) {22 Ae (Pm P+ C, (2 _. 

Va? — x a — x 
Hence, on substitution in (1), 

4 ————— 
(3) {2s 40 @ — a + Bava? — a? + cf = _. 
Vaz — x? ae 


On differentiating and simplifying, 
xt = 3 Ax? (a? — x?) — Avt + Ba? — u)— Ba? + C. 


On equating coefficients of like powers and solving for A, B, C, it is found 


that 
A=-i, B=-}a@, C=ia. 
dee _= sin-1 %, 
a 


Substitution of these values in (2) gives, since if 
Ge 


i = 

fF =F {setsinae a(2 a? + 8 a2) Va? — B\. 
Vea 8 a 

The coefficients A, By, might have been determined in (1), and Aj, C4, 


might have been determined in (2). 
The integral could also have been found by the application of formula [A] 


twice in succession, 
Ex. 2. Find f Bande 
(a? + a?)* 
Here m=0, n=2, p=— k, a= 7, b= 1. 


Connecting the integral with fe + a*)—-H1 dx, 


(1) {@ + a) —*§da = Ax (x? + a?) 1 + BY @ + a?)—1 da. 


On differentiating and dividing the resulting equation through by 
(22 — a2)-* 
"1A (a? + a®) +2 Ax? (1 — b) + BC? + @®). 


On equating coefficients of like powers, and solving for A, B, it is found 


that 
1 2k—3 


~2a(k—1) ~ 2a(k—1) 
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Substitution of these values in (1) gives 


ee ee ere aay (ee ee 
Seterimenlarast Saya 


This result might have been obtained by the application of formula [D]. 


Ex. 3. i Va — dx. (See Ex. 1, Art, 23, Ex. Art. 39.) 


sh 1 
Ex. 4. jj. [V2 ax —2% = 42(2a—%)?.] 
2ax% — x? 


Ex.6. f=2_ x. 6. igen xt, (2 _ 
Va? — eat weV a? — x? 


Ex. 8. fe 2ax—a2dx. [Succrstion. Put fie a— we)? di 


5 pt 3 pe i 1 ali l eee 
— Ax?(2a—x)? + Bu®(2a — x)? + Cx2(Qa—2)? + Dix (2a — 2) ?dx.] 


Ex. 9. j—— Ex. 10. js. 
at Va? — x? (a? + a2)? 


Ex. 11. Show that 


om dae ust _ fe -1 a a? , (m = ie fe gm—2 dg, : 
Ve—a Va? — x2 


Ex. 12. Show that 


(ave = de =P VE eR les 
m + 2 M+ 2S /qr — a2 


Ex. 18. Show that 


if da nv O29? at n—2 da . 
grVgug  (n—l)aer- 1 (n—1)a2d yn-2VQ— 


Ex. 14. Show that 
f wede  _  am AV 2 ae — a | (2m — De aml dye 


m m V2 ax — 22 


2ax — x2 
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(Cz. V1. 


MISCELLANEOUS EXAMPLES. 


1 Va da. 

ave + a 
2. — 
Vai —3v4—2 


it M du : 
V N22 — Pr+R 


dx 
Sain FS 


16. i) (% — 4) dx 


(x +3) Vet +4a45 


11. i) es 
(2 —a2)V14+24—2 


es 1 into partial frac- 
i Separate ——— < 
Ve —a+va ae ( P y2—9 tions. ) 
(a —‘a)Vx —b 
8. ( x dae 
sn ede (@?— 2) Ve 8 
V2 08+ 343+ 1 
19. (a? + 3% + 5) dx 
(@ +1)Va?+1 


6 ——— 
V—322—62 —2 


20. 
7 i) da F 
V— 27+ 10%+4 5a? 
21. 
. Va mx + Mn gy 
(mx — n) Vmax + n 99. 
a V20—0(V2e—2+9) +h o 
84a” — 17 x? 23. 
10. (8B Bet et ae, 
(24-8) V6—5a—6a2 24. 
(20d Hae, 
Verz+20+4 25. 
12. fetes Midieee Ge 26. 
V8=¢ 
13. fc ~1)2(@ + 1)? de. on. 


dx 
14. f eee NE et, 28. 
(@+1)Va? 41 


f (e+2a+3)de 
(2 +2¢-—3)V1—# 


f Vb? + aa? (Vb? + ax? + ax)*da. 
die 


Aber — «2)2Va? — a 
fs = 
Var — «2 
§ KC 
Var — x 
f dae. 
Vat — x? 
§ dx : 
av az — x 
Ve) 
freee a 
x 


fovea ae. 


45.] 


29. fave — 2 dx. 


30 { —“—. 
eV? + a 


31. (2 
av a2 + a 


32. Seve + a dx. 


33. { =— 


(a? + a2)? 
34. f@+ a)! dx, 
35 i} ody 
Var + a? 
36, (24 _. 
V2 an — « 
37. { —— 
av 2 axe — x? 


38 f x3 dx : 
V2 ax — x? 


39. fve an — x? dx. 


thy 
40. f <A 
(Gen ae rey 


41. (\ _ ede. 
(at = at)? 
4g. (_@ae_. 
(Ge a2)? 
43 


i) dx \ 
"<J (a2 —2¢@ +3)2 
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44. it Mee ie 2s 

(@ — 1)? (@ + 1)? 

45. V1i+ a+ a? 
1+4 


46 f Va de ' 
+6024 11446 


dx. 


47. i, 2 abu du . 
(a2-+02—22) V(a?—a?) (@? — b?) 


2 
48. \\ “V2 aa — «2 vers-)~ da. 
0 a 


49 i) —oetoa+3e4+9 
x8 + Oat + 27 2 + 27 


50. fe Oa. 
V x2 + 2 


Vx24+2 e2+2 


51. f RARE EIA 
V4e2 +4243 


52. f ON celia i oa a 


: 53. f BP OO 
V—3+412%—922 


54. f vie + maz-+ndx, I negative. 


55 i, da k 
(2? + a?) Va? — a 


56. i (w@+1) de __ 
( 


2a2?—-2441)V3 a2—2 a+ 
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Univ. of Arizona Library 


CHAPTER VII 


INTEGRATION OF TRIGONOMETRIC AND EXPONEN- 
TIAL FUNCTIONS 


Integration by parts and the use of substitutions will be found 
very helpful in obtaining the integrals of trigonometric and 
exponential functions. 


46. | sin’ ax dx, f cos” «da, n being an integer. 


(a) If n be a positive odd integer, say 2m +1, 


faim" ede = fsinte de= if sin?” @ sina da 
= -fa — cos’) d (cos 2). 


The binomial in the latter form can be expanded, and the inte- 


gral found term by term. . 


1pg al fsin®e de = -fa — cos? «)d(cos %) = — cos x + tcos® x + 6. 
Similarly, 


(‘cose dx =i —sin’ e)”"d (sin #) = sinew — = sin?a + ++, 
J 


Ex. 2. § cos® cdxe= i) (1—sin? x)2d(sin x) = § (1—2 sin? a+ sin*#)d(sin x) 
= sing — 2sinea+4sin5w + ¢. 


(b) If n be any positive integer, integrate sin”ad« by parts, 


putting 
u=sin" te, dv=sin«wde. 
100 


46.] TRIGONOMETRIC AND EXPONENTIAL FUNCTIONS 101 
Then, du = (n —1)sin"’axcosxda, v= — cosa; 
and 4 sin"xda =— sin* txcos a+ (n —1) | sin” ®acos?ada 
=— sin” *a@ cos a+ (n —1) § sin”?a (1 — sin? x) dx 
=—sin*2c0s + (n —1) | sin” °ada 
— (n—1) | sin" xda. 


By transposing the last term to the first member, combining, 
and dividing through the equation by n, the result is 


é SIN aed COSI 1 le (one 
fi sin” «da = — =f sin"? da. [A] 
nN nN 


The result A can be used as a reduction formula. Successive 


appheations of it leads to fi da or f sinwdx according as 1s 
even or odd. 


le Gh fsintedr= — aes ab 2 (sineds 


=—Fsin?a cos” —= cose + 6. 


This result may be compared with that of Ex. 1. 


On integrating cos"wdw by parts, putting w= cos™*a, dvu= 
cos 7 dx, the following reduction formula is obtained, 


sing cos*t2 n—1 2 
feos" x da = a, 5 feos" 2a da. [B] 


The deduction of B is left as an exercise. 


(c) Suppose that n is a negative integer. 


The value of § sin” ?adw# in A is 


a 


: sin”! cos & n é 
f sin” 2a da —*® ae ik sin” @ da. 
n—1 m—1. 
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On changing n into n + 2 this becomes 


syntl ~»» 
foie Sg, he sin - aan Ay sd = 3 F sin"+2 a da. [C] 


This can be used as a formula of reduction when n is a nega- 


tive integer. 


Ex, 4. j = = f (sin x) da =— } cos x(sin x) ~? + { (sin 4)-dx 
sin? 7 


eet re Oe + {ese dx 
2 sin? x 


= — 5 cove ese = log tan 5 +0. 


Similarly, on solving for | cos”’«dz in B, and then changing 
n into n+ 2, there results, 


1 n+1 
f cos”a da = — eae aL ate cos"t? a da. [D] 


This is a formula of reduction for Hi cos"xdxv when: n is negative. 


It is advisable to remember the method of deriving A, B, C, D, 
so that they may be readily obtained when necessary. 


Ex. 5. (@) f cost nat, (b) f sin’ caer, (c) f sin? cae, 
Ex. 6. (@) faint cae, (0) fsin® vax, (c) fain’ eae, 


Ibs to (WH) fcostaaur, (b) § cos8 «ae, (Cc) fcostarde, 


Ex. 8. fj 
‘- (@) sind a 0) ae ©) Sa (qd) or 
dx (= 
(©) \e Y) Vane (9) singe 
Ex. 9. Show that (V sin?” da = 1-3-5-.-(2m— 1) wr, 
2-4-.6---2m 2 


De Ave Gist DV 


Ex. 10. Show that sinntlyida. = — 
8-5-7-.-2m+1 
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47. Algebraic transformations. The trigonometric integral 


sin" xdx can be put into an algebraic form. For, if 


Sud = 2, 
then cos x dx = dz, 
cOSe® /{ — 22 
and hence, feinre da -{—<.. 
N/ Lo 3? 


The second member has a form which has been discussed in 
Chapter VI. 


If the substitution cos & = Z 
n—1 
be made, fsx" ede = -fa — 2) 2 dz. 


This form can be integrated by methods already explained. 
These substitutions may also be employed in the case of J cos” x da. 


rates j sin? dx. (Compare with Ex. 3, Art. 46.) 
On putting 
i eed 
2 sin, fsinte de zy Ade _—*% vi — #2 
v1—-2 3 


= —isin?xcosx —2cosx+c. 


V1l—#2+¢ 


colo 


Ex. 2. Solve Exs. 2, 4,6 (a), 7 (a), 8 (0) of Art. 46 by algebraic sub-., 
stitution. 


48. f seen ada, f cosec” a da. 


1 i 
(a) Since seca = , and cosecx=-——, | sec*axdw and 
COS & sin @® 


f cosec"adxz can be reduced to the forms considered in Arts. 


46, 47. 
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dx 
Ex. 1. f 4a du, d) fo eck a dx . (4, f= ’ 
2S (a) \sectxdz, (bd) osec®x dt, (C) re (d) ee 
[See Exs. 8 (c), 8 (g), 8 (@), 6 (a), (Art. 46). ] 


Ex. 2. Find Went assuming « = atané@. (See Art. 39, and Ex. 2, 


a) 
Art. 45.) 


(b) If m is an even positive integer, another method may be 
employed. 
Since sec?a=1 + tan’a, and d (tan x) = sec’ da, 


foseer ada = | sec"—2 a sec?a da 


n—2 
= if (1 + tan?x) ? d (tan). 


The binomial under the sign of integration can be cae in 
—2 


2 


a finite number of terms since n is even, and accordingly ~ 


is an integer. 
In a similar way it can be shown that 
n—2 


freosecr xe dae = -fa + cot?x) ? d(cot#). 
Ex. 3. fsee® COn = fa + tan? #)2d(tan x) ; 
=tane + 2tanea+4tand« +c. 
(Compare Ex. 8 (e), Art. 46.) 
Ex. 4. (a) fseet nde: (6) f coset EX OHOR 
(c) Fcosecs xan; (da) fsect 2 da. 
[Compare the results with those of Exs. 8 (c), 8 (f), 8 (g), Art. 46. ] 


(c) If n is any positive integer greater than 2, the method of 
integration by parts can be used. 


On putting sec*"’a=u, sec?ada = du, 


it follows that du =(n — 2)sec”* x tanadx, v= tan”. 
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Hence, f sec" a da = | sec”? a sec? a dx 
= tan a sec”? # —(n — 2) | sec"-* a tan’ x da. 


On substituting sec? a — 1 for tan’« in the last term, and solv- 
ing for f sec” dx, there is obtained 


n—2 
foseo" x de = ee i. = = “ sec”? a da. [A] 


This formula of reduction leads to f sec ada when n is odd, 
and to f dw when n is even. 


Similarly, integration by parts will give 


cota cosec*?a  n—2 
COSGE Ohi — eee cosec"~? « da B 
> 
od ail 


which, on repeated applications, leads to f cosec x da or to f da, 
according as » is odd or even. 


Ex. 5. (a) fseota de; (6) Fse0® x de (Cc) § cosco® « dar 


(d) f cosect dx; (e) f seo® 24 dx. 
[Compare the results with those of Exs. 8 (6), 8 (d), 4, 8 (a), Art. 46.] 


Ex. 6. (@) fscota de; (6) f cosect « dex. [Compare Ex. 4 (qa), (6).] 


(d) Transformation to an algebraic form. 


Tf tangv=2, «=tan"z, dz=— i a sec?’ x = 1+ 2°; 
n—2 
and hence, f sec” x da =i + 2) ? dz. 


Also, if sec v=2, 
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it follows that w= eee 
2V2—1 
n—1 
and hence if: sec" a de = ( dz 
; Ve—1 


In like manner, the substitutions z= cot x, z= cosec 2, will re- 


duce ip cosec” « dw to an algebraic form. 


Ex. 7. Solve Exs. 3 (a), 4 (a), 4 (0), 1 (d) above, by algebraic substitution. 


49. f tan” x dx, {cot aw dx. 
(a) Let x be a positive integer. 


Then, fan a dat = {tan x tan? x dae 
= [tate (sec? « — 1) dx 


= f tan” ’ad (tan x) — af tan” “a da 


tan” 1a i oh 
Se (| pial api. iN 
ae n”? ¢ da [A] 


This reduction formula leads to f dx or to if tan «da, accord- 
ing as 7 1s even or odd. 


D>. & fant xde = fran x (sec? % — 1) da= fran ad (tan x) — fan x da 


= ti tan?x —logsecx + ¢. 


In like manner, 
freot" ede = {cot 2 COW eons f cot”? a (cosec” @ — 1) dx 


n—1 
=— a a — f cot x dat, [B] 


another reduction formula, 
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(b) If n is a negative integer, say — m, 
f tan"xdx = | cot™xdx, and | cot?ada = afi tan” w da. 


Hence, this case reduces to the preceding. 


Ex. 2. (a) fant dx, (6) ftanrede, (¢) f tan’ x de, (ad) f cottade, 


(e) feot cdx, (f) feo? Lax. 


(c) Transformation to an algebraic form. 


dz 
If tan ge =, 06 =; 
Laat +2” 
and hence, 4 tan*ede — (2%. 
1+? 
aD es 8 OR ae. 
Again, if secau=2, dx= eet ; 
(@-n? 
and hence, oft tan” x dx = if aro 


Similarly, f cot" xdx can be changed into algebraic forms by the 


substitutions, 
2= cots, and z= cosec x. 


Ex. 8. Solve Ex. 1, 2(a), 2(d) above, by algebraic substitution. 


50. sin” a cos” a dx. 


(a) When either m or n is a positive odd integer, no matter 
what the other may be, the form sin” a cos” # da can be integrated 
very easily. For, it is then reducible to a sum of integrals of 
the form | sin? wd(sin a), or of the form _f cost ad (cos x). This 


is illustrated by the following example. 
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Ex. 1. sin’ cos*a dz = faint x (1 — sin?) d (sin x) 


10 . 24 
=75sin’? «— sin? w+. 


. 2 : in® 
Ex. 2. fain’ x cos® x” ax. Ex. 4. fae se 
V COS & 
ee os? 
Ex. 38. feost x sin? w da. Ex. 5. je UML 
sin a 


(b) When m+n is a negative even integer, say —2p, 
sin” « cos” «dx can be integrated by means of the substitution 
tan «=. 


If tang =%, dv= : 


sae sin cos ¢ = ————_; 
eye lees Vite 


Eat =a (1 — tyre 1 dt. 


and hence, fs sin” 2 cos" «da = | —————_—_ 
( a gyre 


The last form is readily integrable. Sometimes the substitu- 
tion cot x= is better than the substitution tan «=¢ for obtain- 
ing a simple integrable form. 


(2a 
cos’ x 
2 
If tanz =t, f(a =fra +) dt=184+16 +6 
cos’ x 


=ttaniea+ttamete. 


The actual substitution of the new variable may often be conveniently 
omitted ; for instance, 


in2 
f= & ay — ( tan? x sect a dz = fran? x (1 + tan? x) d(tan %) 
cos® x 


=ttan'a+ttamaet+e. 


4 

s 

Ex. 6. feta rE nt. Ex. 4. (22 ae x g 
cos! % sin’ ~ 


(c) Transformation to an algebraic form. 


If sina=2, cosw=V1—2, de=—=~—; 


n- 
and hence, Sf sin x Cos” «dx =fz md — 2) r 
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In like manner the substitution z= cosa will give 


m—1 
fosinne cos" a da =f — 2)? dz. 


The substitution tanw=t leads to a simple form when m+n 
is a negative even integer. This has been shown above. See 
ix. 6; 


51. Integration of sin™acos"xdx: (a) by the method of 
undetermined coefficients; (b) by means of reduction formule. 


(a) Rute. Put | sin”acos*wdae equal to a constant times 


one of the four integrals, 
fi sin” x cos" x da, if sin” x cos”? ada, 
fon x cos” x da, f sin” x cos"t? a da, 


plus a constant times sin?t! @ cos*t! x, in which p, q are the lowest 
indices of sina and cos@# in the two expressions under the inte. 
gration sign. Then determine the values of the two constant 
coefficients by differentiating, simplifying, and equating coeffi. 
cients of like terms. For instance, using the first of the four 
integrals referred to in the rule, 


fi sin” « cos” ada = Asin” 12 cos"t! ae + Bf sin”? 2 cos” ada. 


Here the lowest indices of sina, cos, under the sign i , are 


m— 2, n; and from them the term Asin”'x cos"t!x is formed 
by the rule. On finding the differential coefficients of both mem- 
bers of this equation, there is obtained 


sin” # cos” # = (m — 1) Asin” * x cos"** # — (n + 1) Asin” & cos” x 
+ Bsin™’ x cos" x. 
rales yu. ane, 
Division of both terms by sin” *#cos"@ gives 


sin’a = (m —1) AQ — sin’a) —(n +1) Asin’a + B. 
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On equating the coefficients of like terms in both members, 
—(m+n)A=1, 
(m—1)A+B=0; 
i Pe iN 


whence, A=— , = 
m+n m+n 
Hence, 
sin” —1 a cos” tla 
syne n =. 
fsin a cos” aw da FETS 
m—1 (sinm—2 & cos” x da. [A] 
m+n 


In a similar way, by connecting | sin” cos"x dx with the other 
integrals mentioned in the rule, the following reduction formule 
are obtained : 
sin” +1 a cos” +1 ae 


f sin x cos” x dx = 


m+1 
Mm +N +2 (sinm+2 gy cos a da. (B] 
m+1 
F sin’? +1 a cos”—1Lae 
f sin” x cos” x da = __—_€_—— 
m+n 
M1 (cin x eos—2 a dace (C] 
m+n 


sin” +1 g@ cos? tla 
nm+1 
ntm-+ 2 
n+1 


§ sin” a cos” a da = 


sin” x cos" +2 x da. [D] 


In each of the four integrals with which | sin™x cos"# da may 
be connected by the rule, m or ” is increased or diminished by 2. 
The numerical values of m, 2 will indicate the one of the four 
which is simpler than iF sin” x cos"« da, and with which it may 


preferably be connected. A succession of steps like A, B, C, D, 
may be necessary. 
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In solving the problems of this and the following article, it 
may happen that the results will not agree in form with those 
given in the answers. An agreement can be made by using the 
trigonometric relations, sin’ s+ cos? = 1, sec?w=1 + tan’a, ete. 
Any apparent difference in results will be due to a difference in 
the methods of working the examples. 


pee a4 f sin x cos? x dx. 
Assume sw x cos?a% dx = Asinx cos?” + Bf costa dx. 


Differentiating, sin? # cos?% = A costx — 3 Asin? cos?# + B cos? a, 
whence, dividing by cos?a, sin?a = A(1—sin?a) —3 Asin?” + B. 


Equating coefficients of like terms, 


-—-4A=1, 
A+ B=0. 
On solving these equations, A=—1, B=H, 
Hence, f sin? x cos? x dx = — isin « cos* x + 1 f cos? x de ; 
from this, by Art. 46, =— }sinz cos? + } (sinwcosx+a)+e. 


Equally well, fsin? x cos* % dx might have been connected with fsintz dx. 


Also, 1 — cos?” might have been substituted for sin? x, or 1 — sin? for cos? z, 
and the integral found by the method of Art. 46. 


: cost & a 
Ex. 2. fsint x cos? % dx. Ex. 4. fc en 
sin 

cost x a 
Ex. 3. fa“ Ex. 5. if es 
sint 7 cos? % sin‘ 


Ex. 6. Solve some of these examples by reducing them to an algebraic 
form, as described in Art. 50 (¢). 


(b) The results A, B, C, D can be used as formule of reduc- 
tion. It is necessary only to substitute in them the proper values 
for m and n. It is not necessary to memorize these formule. 
The student should make himself familiar with the process of 
deriving these formule, so that he can readily obtain them when 
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required.* The formule A, B, 0, D of Art. 46 are special cases 
of A, B, C, D above. ‘This will be apparent on putting m and in 
turn equal to zero in the latter formule. Moreover, “f: tan" «da, 
fect" « de, discussed in Art. 49, may be put in the forms 
fi sin” a cos—" a da, frosts sin-"«xdx, and solved by the methods 


of this article. For the sake of practice in making the substitu- 
tions a few examples may be solved by means of the formule. 


1p. 76 fain’ x cost x du. 


sin® x cos® % 
10 


By A, fin’ x costa dx = au 2. { sin’ x costa da ; 


: SINE COSI eases: 
by A, Fsint x cost a dx = — SO ROO E 5 sin? % cost x dx ; 


: ! in % cos® 1 
by A, fsin? x cost x de = — SESS + * (costa dar; 


6 
a. i 3 
by on J cost x dx = SID & COS" X te = cos? ada 5 
4 4 
by C, fecostarde = SBZ COE 4 Ff guy = ECS pe é 


The combination of the results gives 
fain’ x cost x dx = — 7}; sin cosa — {5 sin? # cos® aw — =, sin x cos? x 
+ zis sin x cos*@ + 32; sinw cose + gig U4. 


The formule might have been applied in other orders, for example CACAA, 
CCAAA, etc. 


Ex. 8. Solve Exs. 2, 3, 4, 5 by means of the reduction formule. 


* Another method of deriving these formule, namely, by integrating by 
parts, is given in Note C, Appendix. Other formulz of reduction can be 
obtained by connecting 

finn «x cos" « dx with (sinm 2 cos"+2 x da, (sin? x cos"—2 a dx 


in the manner described above. The formule for these cases may be derived 
as an exercise. (See Edwards, Integral Calculus, Art. 83.) 
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52. ib tan” x see" ax da, feo a cosee” x diac. 


(a) Reduction to the form § sin”xcos’xdx. This may be done 
by the substitutions 


sin # 1 Osx 
tan 2 = 7 SCC A= , cotx = —, cosecx = — B 
cos @ COs @& sin x sin @ 


and the integration can then be performed by one of the methods 
of the last two articles. 
(b) Reduction to an algebraic form. 


n—2 
If tanz =z, f tan” sec" x da afi +2)? dz. 


This is almost immediately integrable if nis a positive even 
integer. In this case, f tan” x scot ade can be reduced to inte- 


grals of the form (fran? ad (tan a). (See Ex. 1, below.) 


m—1 
If seca =z, rf, tan” x sec" x dx = Hf 1g? 1)? de. 


This is almost immediately integrable if m is a positive odd 


integer. In this case, 4; tan” x sec" «dx can be reduced to integrals 


of the form } sec’xd(secx). (See Ex. 1, below.) 


The form | cot™#cosec"« dw may be treated in a similar manner. 


Ex. 1. f tant xsect x dx = f tant x% sec? % sec? x dx 
= f tan%a (tanta + 1)d(tan«) 
= ttanea + itante +c. 

Or, f tan’ x sect x dx = f tan xsec? «seca tan xdx 
=| (sec? « — 1) sec? « d (sec x) 


= tsecéa—isecta +e. 
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16 
Ex. 2. f= w at Ex. 5. f cote cosec® x dx. 
tan 
Hex 3 fe Eye arrary Vr Ex. 6. f tant x sec? x da. 
3 
Ex. 4. foot? a cosect a dx. 19pe Vf. f tan’ xwsect xdu. 


Ex. 8. Solve some of these examples by using algebraic transformations. 


53. Use of multiple angles. When m and n are positive and 
one of them is odd, the first method of integration shown in Art. 


50 can be employed in the case of | sin”xcos"xdx. When m and 


nm are positive and both even, the use of multiple angles will 
aid the process of integration. The trigonometric substitutions 
that can be employed for this purpose are: 


sinxcosv = 4sin2 2, 
cos’ = 4(1 + cos2 a), 
sin? = 4(1 — cos2 a). 
Ex. 1. fain? x cos? x dx = 1f sin’ 2a dx 


= +f — cos4x) dx 


=tx—,sin4da+c. (Compare Ex. 1, Art. 51.) 
Ex. 2. faints dx. (See Ex. 6(a@), Art. 46.) 
Ex. 3. if costa dx. (See Ex. 7(a), Art. 46.) 
Ex. 4. i sin’ a dx. (See Ex. 6(b), Art. 46.) 
Ex. 5. § cost.x de. (See Ex. 7(6), Art. 46.) 
sint x cos? dw. (See Ex. 2, Art. 51.) 


Ex. 7. | sin‘ costa dx. 


ww, tee 
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dx 
54. f— 
a? cos? x + b? sin? x 


On denoting the integral by J, and dividing the numerator and 
denominator by cos? a, 
T= SEC ae = d (tan 2) 
a + Ob tan?a a? + b? tan? 2 


On substituting w for tana, integrating, and replacing u by 
tan x, there is obtained, 


ie att tan(? tan .; 
ab a 


5S. lee peer | Casares 


Since C08 & = cos? — sin? z and cos? : + sin? : abe 
f da wy f da (js 
a+ bcos x a(cos* 5 5 Se ae ve b (costs ia sin? 2) 


On dividing numerator and denominator in the second member 


by cos? 5 ’ and reducing, 


sec? 2 da 
f. da aie | 2 
a+bcosx a—b tan? @ + ie 
oe G6 
a 9 f a(n) 
 a—b 9 & ato 
Boy een 


The second member is of the form a or 
2+ ¢ 


dz 
>>» accord- 
z—C¢ 


ing as a is greater than 8, or less than 6. Hence, 


. hy 2 =) b x 
= t —— tan 
Lia. >, Ei CoaG eee an ae 5) 


INTEGRAL CALC. —9 


116 INTEGRAL CALCULUS (Cav Tig sb= 


a ' Vo+a+Vb—atan 5 


—_ 0S See 
atbecosx /}? — @ Vi+a—Vvb—atan > 


nt @ =< 


Z b—a x 
— = tanhs t —|- 
Wi Gy ax (Vi one 3) 


On introducing the half-angle as before, and dividing numerator 


and denominator by cos? 5 as in the case just considered, it will 
be found that, 


f da =f. dx 
atbsinz ) 


a (cos - + sin? 5 ALY iy sin 0s 5 
ec? 
=f S 5 ie 
a+2d tan > +a tan?s 
a) 
A eye we 
2 (tm 5 +5) 
ee ii Ny OTe nay 
u (tan +) crate b 
Oi a? 


Elon dz dz ‘ . 

This is inthe form }— ,or | ~——,, according as ais greater 
op ZY Ce ge — ¢ 5 

or less than b. Hence, 

) 


d a tan ; +b 
if gh b, # 5 = a tan} SSS |] 8 
a + b sin @ Va? =e: b? l Va? + b? 
; 4 atan=+b—Ve— a? 
Lab; oe log = : 


LEAS Ia tane+b4+V¥—@ 


“at 


( ny 
a tan 5 +b 


= anes coth-" 


Vea | Ve — a 
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In working the examples it is preferable to follow the method 
employed above, and not to use the results that have just been 
found as formule for substitution. 


Deals peeeres Ex. 4. f—-—. 
38 —2sinx 5 — 3cosa 
Ex. 2. {> Ex. 5. f—“5- 
2+3sin2¢ 4+ 5cos2x 
Ex. 8. i} eases Ex. 6. j— > 
5 +3cosz 4+ 5sin2a 


Ex. 7. When a = bd in this article, find the integrals. 


56. ij e*” sin na da, f Ee?” Cos NX AX. 


On integrating e” sinnxda by parts, first taking e* dw for dv, 
and then taking sinnwda for dv, there are obtained 


e*sinne 1 
f e* sin nx da = ————— — — | e* cos nada, (1) 
a a 
. e COSNY | a 
fi e* sin nx dx = — —————— + — § e** cos nx da. (2) 
n n 


The integral in the second members of (1), (2) can be elimi- 


nated by multiplying the members of (1) by “and the members 
nN 


of (2) by “and adding the results. When this is done it will 
a 
be found that : 
fe eM Ftd (a4 sin nw — n Cos nw) (3) 
a? +n? 


Similarly, cn integrating e”cosnada by parts, first taking 
e“d« for dv, and then taking cos ne da for dv, and eliminating 


e sinnx dx which has thus been introduced, there will be 
obtained 


fe RATE Pree e(n sin na + a COS n@) (4) 
ar + ne 
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The result (4) can be obtained by eliminating | e” sin nada 
from (1) and (2). It can be deduced also by substituting the 
result (3) in (1) or in (2). It is, however, preferable to deduce 
it directly by integrating by parts. 

As in Art. 55 the student is advised to work the examples 
by the method followed above, and not to use (8) and (4) as 
formule for substitution. 


Ex. 1. fe sin x” dx. Ex. 4. § 22 ae. 
e Le 

Ex. 2. the cos % dx. Ex. 5. (Zac. 
eX 

1p (SE ie cos 3 x dx. Ex. 6. ite cos? a” da. 


57. fsinma cosnx dic, § cosmea: cosnx dx, f sinmmax sinna dx. 
Since, by trigonometry, 
i res si 1 gj es 
sin mx cos nw = 4} sin(m + n)x +4 sin (m— n)a, 


cos (m +n) x  cos(m—n)w 
2(m + n) 2(m—n) 


fain me cos nw da = 


In a similar way it can be shown that, 


sin(m+n)e  sin(m—n)@ 
2(m + n) 2(m—n) ’ 


f cos mx cos nw da = 


: : in e Si -- 
fain race eine dip = OTP SE cee 
2(m + n) 2(m — n) 
Ex. 1. feos 8.x sin 5 « de Ex. 4. fcos8a cos ta dx. 
Ex. 2. f cos 4 «cos 7 «de, Ex. 5. feos Faesini sx dx. 


Ex. 3. f sin 5xsin6a dx. Ex. 6. fain zy & Sin 3, © du. 


10 


CHAPTER VIII 
SUCCESSIVE INTEGRATION. MULTIPLE INTEGRALS 


58. Successive integration. It has been seen in the differential 
calculus that successive differentiation with respect to a is some- 
times required in the case of functions of the form 


u=f(@); 


and that successive differentiation with respect to both w and y 
may be required in the case of functions of the form 


u=f(@, ¥). 


On the other hand, the reverse process called successive inte- 
gration is sometimes necessary. This chapter will be concerned 
with describing the notation that is used in “multiple integra. 
tion,” as it is often termed; and it will show, by examples, how 
successive integration is introduced and conducted. Arts. 61, 
62, 63, contain applications of multiple integration to the measure- 
ment of areas in rectangular coordinates, and of volumes in rec- 
tangular and polar coédrdinates. Plane areas in polar codrdinates 
and curvilinear surfaces will be found by means of multiple 
integration in Arts. 67, 75. 


59. Successive integration with respect to a single independent 
variable. 


Suppose that he= if f (a) da, (1) 


file) = {fi @) Ae, @) 


119 
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and f(@) = f. fa (@) da. (3) 
Since A@) = fLA@) Ide, 

it follows from (1) that fj(«) = f | df Foye jae; (4) 

and since f,(@) = f Sf, (a)} day, 


it follows from (4) that f; (2) = fi ; if f f. F(a) as | aw \ de (5) 


The second member of (4) is usually written in a contracted 


form, namely, 
sh i: S («) dudx, or HI F(a) dx’, (6) 


in which da means (da)’, and not d (2’). 


Similarly, the second member of (5) is usually written 


afi ae (x) da da da, or ff SF (@) da’. (7) 


Integral (6) is called a double integral, and integral (7) is called 
a triple integral. In general, if an integral is evaluated by means 
of two or more successive integrations, it is called a multiple in- 
tegral. If limits are assigned for each successive integration, the 
integral is definite; if limits are not assigned, it is indefinite. 


Ex. 1. Determine the curve for every point of which the second differ- 
ential coefficient of the ordinate with respect to the abscissa is 8. 
The given condition is expressed by the equation 


d?y 

i} ees a= fe} 

@) dx? 

This may be written LL 8; 
Y We ae? 


whence, a( = 8 dg. 
Ke 
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Integrating, (2) Y _ By +¢, 
dx 
whence, dy =(8a + c)dx. 
Integrating again, (8) y=4e2?+ ca+k. 


This is the equation of any parabola that has its axis parallel to the y-axis 
and drawn upwards, and its latus-rectum equal to 4. All such parabolas will 
be obtained by giving all possible values to ¢ and k, the arbitrary constants of 
integration. ‘Two further conditions will serve to make ¢ and & definite. 
For instance, suppose that the tangent to the parabola at the point whose 
abscissa is 2, is parallel to the x-axis ; and also that the parabola passes through 
the point (3, 5). By the former condition, 


ao when 7=2; 
dx 


and hence, by (2), O='8)2 Fc, 
that is, c=— 16. 
Equation (3) then becomes y=4a2—16”+4+4. 
Also, since the parabola passes through the point (3, 5), 
5=4.32-16.3+k; 
whence, (Yee 


Therefore the equation of the particular parabola that satisfies the three 


conditions above is 
y= 40? —164%+417. 


The given relation (1) might have been written in the differential form, 
OLD) = ines 


and y expressed in the form of a multiple integral, namely, 


y = { [8az2; 


whence on integrating, = f (8a +c) dx 
=427+cH+k. 


The former solution is better because it shows all the steps more clearly. 
Ex. 2. If s represents distance measured along a straight line, and ¢ time, 
2 
ds is the velocity of a body that moves in the straight line, and a is its 
ad 2 


acceleration or rate of change of velocity. In the case of a body falling in 
a vacuum in the neighborhood of the earth’s surface, the acceleration or rate 
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of increase in the velocity is constant and equal to about 32.2 feet-per-second 
per second. ‘The number 32.2 in this connection is denoted by the symbol 
g. Let it be required to determine s from the known relation, 


ds 
Dra; 
Oa 
This may be written eae. 


Using the differential form, a(“) =gdt, 


and integrating, (2) o = gt+c, 
in which ¢ is an arbitrary constant of integration. 
Writing the latter equation in the differential form, 
ds =(gt + ¢) dt, 
and integrating, (8) s=ig@+c+h, 


in which & is another arbitrary constant of integration. In order that the 
constants c, k may have definite values, two further conditions are required. 
For instance : 


(a) Suppose that the body falls from rest, and that the distance is measured 
from the starting point. 


In this case, s=0, and . =0, when ¢=0. 
Hence, substituting in (2), 0=0+¢6, 
that is, RmlNe 
and, substituting in (8), 0=0+0+4, 
that is, k=0. 


Therefore, the distance through which a body falls in a vacuum on starting 
from rest is } gé?, in which g is about 32.2 and ¢ is the duration of fall in 
seconds. 

(b) Suppose that the body has an initial velocity of 8 feet per second, and 
that the distance is measured from a point 12 feet above the starting point. 


By the last condition, s=12 when ¢=0; 
and hence, by (3), 12=—0+0+h, 


whence Kh= 12, 
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By the other condition, e =8 when ¢=0; 
t 


and hence, by (2), 8=0+¢, thatis, c= 8, 
Therefore, under these conditions, 
s=igt??+8¢+ 12. 
The known relation (1) might have been written in the differential form, 


Cs= gat; 
from this, i § fae 2 
whence, on integration, s ={(t +c) dt 


=igP+ct+k. 
Ex. 3. Evaluate {( {2 (dx). 
2/1 /0 


The integrations are made in order from right to left. Thus, if I denote 


the integral, 
43 452 4 3 
refi S EEL or=ef fo 
af 7 |r a4, f @ 


= af" [=| a = 8 (dx 
2 1 2 
= 16. 


Ex. 4. Evaluate f . i ; i * 8 (dx), Ex. 5. Evaluate i) ‘ f ‘(2 (dx)8, 
0 J1 J2 2J0 Ji 


(Compare Exs. 4, 5, with Ex. 3.) 


2, 
Ex. 6. Determine all the curves for which ao = 0. 


Ex. 7. Find the curve at each of whose points the second derivative of 
the ordinate with respect to the abscissa is four times the abscissa, and 
which passes through the origin and the point (2, 4). 


Ex. 8. Find Gf racer Ex. 9. her. sin 6 (d0)?. 
aJdc Jm 0 a 70 


60. Successive integration with respect to two or more indepen- 
dent variables. In this article the notation commonly used in this 
kind of integration will be described; and, in preparation for the 
next article, a few examples will be given so that the student 
may become familiar with the notation. 


Suppose that Sila, Y, 2) =f7 (x, y, 2) dz, (1) 
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the integration indicated in the second member being performed 
as if x, y were constants. (It will be remembered that if a, y, +++, 
are independent variables, differentiation of F'(#, y, +--,) with 
respect to one of the variables, say x, is performed as if the others 
were constants.) Then, suppose that 


Fx; Y; 2) = {Ale Y, 2) dy, (2) 


the integration now being performed as if w, z were constants. 
Again, suppose that 


Ta(@ Y; 2) = {ne Y; 2) da, (3) 


the integration being performed as if y, 2 were constants. Equa- 
tion (2), by virtue of equation (1), can be put in the form 


Ke 6) =f] [FG v2) ae |ay; © 


and equation (3), by virtue of (4), can be written, 


Is(&, Ys 2) aif ; S| fre Y; %) az] dy : dec. (5) 


The bracketing in the second member of (5) indicates that the 
differential coefficient, f(a, y, z), 1s integrated with respect to z; 
that the result of this integration is then integrated with respect 
to y; and that, finally, the result of the last integration is inte- 
grated with respect to x In the notation usually adopted, the 
second member of (5) is abbreviated by removing the brackets, 
and the order of the variables with respect to which the integra- 
tions are made, is indicated by the order of the respective differ- 
entials of the variables beginning at the right and going toward the 
left. Thus, the abbreviated form of the second member of (5) is 


if i S (&, y, 2) dx dy dz. (6) 
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This is a triple integral. Similarly, the double integral in the 
second member of (4) is generally written, 


Sfr@ y, 2) dy dz. 


As to the integration signs, the first on the right is taken with 
the first differential on the right, which is dz in (6) above, the 
second sign from the right is taken with the second differential 
from the right, the third sign from the right is taken with the 
third differential from the right, and so on. It is well to note 
this usage, because attention must be paid to it when limits of 
integration are assigned to a, y, z.* In some of the examples 
below, and often in practical problems, the limits for one variable 
are functions of one or more of the other variables. 


372 7-5 
Ex. 1. Evaluate f i\ i) xy? dx dy dz. 
BJ 2 


{f Z denote the integral, 


3 5 2 
cel f fa ay? de dy = 3 () § ay? dae dy 
eaJi | 2 Day 
=3f [eieae at fle de = 11. 
Py aia bt 2 


3 
at 

Ex, 2. Evaluate spa) avy” dx dy. 
0 Jd 


3 
34a? 9 ; 
f= [| nde =} (" (a? 84%) ede 
0 0 


3 12x 


Ex. 3. ff (w dz dy dx. Ex. 4. ie dz dx dy. 
2/71 J2 2/71 /2 


(Compare xs. 3, 4 with Ex. 1.) 


yt 


Ex. 5. Kee (w + 2v)dv dw. 


nw (°a(1+cos 6) A e 2a (a 78r : J 
Idx. 6. i i r? sin 6 dé dr. Ex. 8. if i) \ xyz de dy a2. 
0 “0 0 0 72 


10 ee 
1 Dp. eel i We — tdtds. 
ovt 


*The notation described above is not universally adopted, but it is the 
one most frequently used. 
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61. Application of successive integration to the measurement of 
areas: rectangular coordinates. In this and the two following 
articles, problems are solved which show applications of succes- 
sive integration. In some of the examples there may not be 
any special advantage in resorting to double integration, for the 
reason that a single integration may suffice. They are, however, 
given to the student for the purpose of making him familiar with 
an instrument for solution which may sometimes be the only one 
possible. It will be found that the elements in the summations 
which follow are infinitesimals of a higher order than those which 
have been met with heretofore. 


Fie. 81. 


Ex. 1. Find the area included between the parabolas whose equations are 
3y? = 254, and 5a27=9y. 

The parabolas are VOP, WOP. Their points of intersection, O, P, are 

(0, 0), (8, 5). Taking any point @ within the area as a vertex, construct 
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a rectangle whose sides are parallel to the axes of codrdinates and are equal 
to Aw, Ay. Produce the sides which are parallel to the x-axis until they 
meet the curves in L, M, G, R, thus forming the strip L@RM, and produce 
ML to meet the y-axisin &. On LIV construct the rectangle HM, giving it 
a width Ay. 
2=RM 
Area of the rectangle HM = limit ea Ax Ay. 


z=RL 


Both y and Ay remain unchanged throughout this summation. Now, 


29 42 
SiGe = yt. 
RL =e, and RM=3y% 
c= y 
Hence, area HM = [§ : au | Ay (1) 
ed 
ly = 242 
= pg He 
= (3V5 = ) Ay. (2) 


As Ay approaches zero, the rectangle HM approaches coincidence with 
the infinitesimal strip GW, and, in the limit, HM coincides with GM. Also, 
the area OL PMO is the limit of the sum of all the strips similar to LGRM 
lying between O and P, when Ay is made to approach zero as a limit. 
Therefore, 


y= PN =: 
{ 242 
area OLPMO =limitsy0 (3 Bes 
‘ 5 26 
y=0 
ies | 3 
= ee (3 5 25 dy (8) 


If the linear unit is an inch, the answer is in square inches. On substi- 
2 . 
tuting for (sy! ae) in (3) its value as shown by (1) and (2), there is 
obtained, J 
y=d SEEN 
area OLPMO = [§ . au | dy 


y=0 _8y” 
2 


aif ae (4) 
0 By 
5 
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The latter is the customary abbreviated form which indicates that the first 
2 
integration is made with respect to « between the limits 2 and ay! for 


x, and that the result obtained thereby is to be integrated with respect to y 
between the limits 0 and 5. The element of area in (4), namely dy dx, is an 
infinitesimal of the second order. 

Another way of performing the double summation required in adding up 
all of the elements of area like dy dx, may be described as follows. Sum all 
of these elements that are in the vertical strip S77, and then sum all of the 
vertical strips in OL PMO. In the first summation, 2 and dx do not change, 


x 5x 


and the upper and lower limits of y are by, © respectively ; in the second 


summation, the limits are the values of « at O a P, namely 0 and 3. This 
double summation is indicated by the double integral 


5a [2 
ina) Nida dy. 
0 5a? 

a 


This, on evaluation, gives an area of 5 square units as before. 
The area OL PMO might have been expressed in terms of single integrals. 


For 
OLPMO = OLPN — OMPN 


aye 35 wp? 
= (oye ae — 5 Wee 
=10—5=65. 

Ex. 2. Solve Exs. 7-11, Art. 29, by this method. 


62. Application of successive integration to the measurement of 
volumes: rectangular coordinates. If the equation of a surface 
is given in the form 

SY, 2) =9 

the volume can usually be determined by means of three successive 
integrations. In the particular case of solids of revolution, the 
volume can be found by a single integration. This was shown 
in Art. 30. In Art. 61 the element of area was dyda, the area 
of an infinitesimal rectangle each side of which was an infini- 
tesimal. In the case now to be considered, the element of volume 
will be the volume, dadydz, of an infinitesimal parallelopiped 
each of whose infinitesimal edges is parallel to one of the axes 
of codrdinates. This will be illustrated in Ex. 1. 


61-62. ] SUCCESSIVE INTEGRATION 120 


Ex. 1. Find the volume of the ellipsoid whose equation is 


; Let O-ABC be one eighth of the ellipsoid whose volume is required. 
Then OA=a, OB=b, OC =c. ‘Take JZ an infinitesimal distance dx on 


Z 
C 
A 
K 
S, 
El yr 
Vi 
(a) 1 AUS: x 
arr A 
Din 
Gi 
yr 
DT 
i M 
B 
NG Fie. 32. 


OX, and through J, Z pass the planes HIJ, KLM perpendicular to OX. 
Take #F of an infinitesimal length dy on MZ, and complete the infinitesimal 
rectangle H¥GD. Through the lines DZ, GF pass planes parallel to the 
plane ZOX which intersect the curvilinear surface H/MK in the infinitesi- 
mal ares RV, ST. Through a point D! on DR, DD! having an infinitesimal 
length dz, pass a plane parallel to the plane XOY. ‘The infinitesimal paral- 
lelopiped D!F, whose volume is dx dy dz, will be taken for the element of 
volume. The solid O-ACB is the limit of the sum of parallelopipeds of this 
kind. This limit will now be determined. 

First, the volume of the vertical rectangular column RF will be found by 
adding together all the infinitesimal parallelopipeds such as D!F# which are 


included between DEFG and RST'V. 
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Second, the volume of the slice HIJ MLK will be found by adding together 
all the infinitesimal rectangular columns like #F which are erected between 
IL and JM. 

Third, the volume of O-ABC will be found by adding together all the 
infinitesimal slices like HI/ML that lie between OCB and A. 

In the addition of the infinitesimal parallelopipeds from DE FG to RST V, 
z alone varies, and it varies from zero to DR. 


z=DR | 
.. Vol. RF= jee dy att. Q) 
z=0 


In the addition of the vertical columns from 7Z to MJ, y alone varies, 
and it varies from zero to LJ. 


y= | z=DR 
. Vol. HIJULK = 3 § f a |ay a (2) 
le J 


ly=o z=0 


In the add’*ion of the slices between OCB and A, x varies from zero 


to OA. 
2z=0A (y= [ z=DR 
- Vol, O-ABO = f I"f fa Jarfon (3) 


z=0 ly=0 | z=0 


Writing this in the usual manner, 


x=OA y=IJz=DR 


Vol. 0-ABO = A\ f de dy dz. (4) 


z=0 y=0 z=0 


If the coérdinates of R are x, y, 2, it follows from the equation of the 
surface that 


DZ, 
= ey orale 
se a2 62 
At the point J, z=0; and hence, 
= dy cee 


Also, OA=a. 


Therefore (4) becomes 


— — 
Vol. O-ABC =(pvr ag 2 sedx dy dz. 
0/0 0 
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On making the integrations in their proper order, it is found that 
Vol. O-ABC = 1 rabe. 
Hence, the volume of the whole ellipsoid = ¢ abe. 


Nore 1. The volume of an infinitesimal parallelopiped is an infinitesimal 
of the third order, the volume of a vertical column is an infinitesimal of the 
second order, and the volume of a slice is an infinitesimal of the first order. 

Norr 2. Equally well, the planes bounding an infinitesimal slice might 
have been taken perpendicular to either OZ or OY. 

Note 38. On putting a=b=c, the volume of a sphere of radius a is 
found to be 47a, 


Ex. 2. Find the volume of the ellipsoid given in Ex. 1: (a) by taking 
the infinitesimal slice at right angles to OY; (0) by taking it at right angles 
to OZ. 


Ex. 3. Determine the volume of a sphere of radius @ by the method of 
this article. 


Ex. 4. Find the volume bounded by the hyperbolic paraboloid z=”, 
the xy-plane and the planesa =a, x= A, y=b, y=B. ¢ 


Ex. 5. Find the volume of the wedge cut from the cylinder x? + y? = a? 
by the plane z=0, and the part of the plane z= tana for which ¢ is 
positive. 


Ex. 6. Find the entire volume bounded by the surface 


vit yit eee 
a b Cc 


Ex. 7. The center of a sphere of radius a is on the surface of a right 
cylinder the radius of whose base is Find the volume of the part of the 


cylinder intercepted by the sphere. 


63. Further application of successive integration to the measure- 
ment of volumes: polar coérdinates. The illustration in this 
article is given, because the use of polar coérdinates in dealing 
with solids is often advantageous. It will be necessary to employ 
these coordinates in solving some of the problems in Arts. 77, 79. 


Ex. 1. To find the volume of a sphere of radius @ by means of polar 
coérdinates. Let a point O on the surface of the sphere be the pole, the tan- 
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gent plane at O be the xy-plane, and the diameter through O be the z-axis. 
Take any point P within the sphere, and let its coérdinates be denoted by 
r, 0, ¢, —?r being its distance OP from O, @ the angle that OP makes with the 
z-axis, and ¢ the angle that the projection of OP on the xy-plane makes with 
the z-axis. Draw PM perpendicular to OZ. Produce OP an infinitesimal 
distance dr, and revolve OP through an infinitesimal angle dé in the plane 
ZOP. The point P thus traces an infinitesimal are of length rd9. Complete 
the infinitesimal rectangle PQ that has the sides dr, rdé just described. 


Fie. 38. 


Now let the angle ¢ be increased by an infinitesimal amount dé. Then LP 
and the rectangle move through a distance equal to WPd¢, that is rsin 6 do. 
The rectangle will thus have generated a parallelopiped whose edges are dr, 
rd0, rsin@d¢, and whose volume therefore is r? sin @d@d¢dr.* The volume 
of the sphere is the limit of the sum of such parallelopipeds. Hence, 


* This is not absolutely correct, for the opposite edges of the solid gener- 
ated differ in length by infinitesimals of higher orders. By fundamental 
theorems in the differential and integral calculus these differences will not 
affect the limit of the sum of the infinitesimal solids. See Art. 67 and Note D. 
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p= [ p=2n r=OT 


| (ak LF rar ag ba 6a0 


Plog 2a cos @ : 
i) (t 7? sin 0d6d¢dr 
0 ( 


) 


Bue ei §, “costo sin oa0 dg 
3 Jo Jo 

= 1070 ("costa sin 640 
3 0 


ie 3 
= 37. 


Ex. 2. Find the volume of sphere of radius @ by this method, on letting 
the XO Y plane pass through the center. 


CHAPTER IX 


FURTHER GEOMETRICAL APPLICATIONS. MEAN 
VALUES 


64. The calculus has already been employed for the derivation 
of the equations of curves in Art. 32, for the determination of 
the areas of curves in Art. 27, for the determination of volumes 
of solids of revolution in Art. 30, and for the determination of 
volumes of solids in a more general case, in Arts. 62, 63. Carte- 
sian coérdinates were used in all but the last of these applica- 
tions. This chapter will consider the derivation of the equations 
of curves and the measurement of areas in cases in which polar 
coérdinates are employed. Special cases in areas and volumes 
are taken up in Arts. 68-70. The measurement of the lengths of 
curves for both Cartesian and polar codrdinates is considered in 
Arts. 71, 72; and the measurement of surfaces is discussed in 
Arts. 74, 75. The subject of mean values is treated in the last 
two articles of the chapter. 


65. Derivation of the equations of curves in polar coordinates. 
Let the equation of a curve in polar coérdinates be 


S (1, 0) = 0. 


It is shown in the differential calculus that, if (7, 6) be any point 
on the curve, y the angle between the radius vector and the tan- 
gent at (r, 6), and ¢ the angle that this tangent makes with the 


initial line, then tan y= ls 
dr 
og=~r 8, 


134 


64-66.] FURTHER GEOMETRICAL APPLICATIONS 135 


the length of the polar subtangent 
= Vind Le 
dr 
the length of the polar subnormal 
_ar 
dé 
Ex. 1. Find the curve in which the polar subnormal is proportional to 


(is x times) the sine of the vectorial angle. 


dr 


In this case, —=k«siné. 
ao 
Using the differential form, dr = « sin 0d0, 
and integrating, r=c—kcosé 
TEC, r=k(1 —cos8), 


the equation of the cardioid. 


Ex. 2. Find the curve in which the polar subtangent is proportional to 
(is x times) the length of the radius vector. 


Ex. 8. Find the curve in which the angle between the radius vector and 
the tangent is m times the vectorial angle. What is the curve when n =1? 
when n =}? 


66. Areas of curves when polar coordinates are used: by single 
integration. Let AB be an arc of the curve r = f(6), and suppose 
that angle AOL =a, angle BOL=£B. The area of AOB is re- 
quired. 

Divide the angle AOB into n parts, each equal to A6; then 


nAd = B—«. 


The sector AOB will thus be divided into n sectors, which have 
equal angles at O. Let POQ be one of these sectors. About O 
as a center, and with a radius equal to OP, describe through P a. 
circular are PP,, which intersects OQ in P,; and about the same 
center O with OQ as a radius describe an arc QQ,, which meets 
OP in Q, The area of the sector POQ is greater than the area 
of the “interior” sector POP,, and is less than the area of the 
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“exterior” one QOQ, About O as a center, and through each of 
the points in which the are AB is intersected by the lines that 
divide the angle AOB into equal parts, let circular arcs.be drawn 
which intersect the adjacent lines of division on each side, as 


Fig. 34. 


shown in Fig. 34. There is thus obtained a set of exterior circu. 
lar sectors like Q,OQ, and a set of interior circular sectors like 
POP,. It has been seen that each sector POQ of the figure AOB 
is greater than the corresponding interior sector POP,, and less 
than the corresponding exterior sector QOQ,; that is, 


sector POP, < sector POQ < sector Q,0Q. 


Therefore the sum of the sectors POQ, which is AOB, is 
greater than the sum of the interior sectors, and less than the 
sum of the exterior sectors; that is, 
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In the limiting case, when the number of sectors POQ becomes 
infinite, that is when A@ approaches zero, the sum of the areas of 
the interior sectors, and the sum of the areas of the exterior sectors 
approach equality. For, the difference between these two sums is 
equal to the area of AMM'A', which is 4(OM*? —OA’)A@, and 
can therefore be made as small as one pleases by decreasing AQ. 
The area AOB always lies between these sums; and hence, 

0=8 
area AOB = limityya0) POP, 
6=a 


If the coérdinates of P be denoted by 7, 0, the area of 
POP, — 4 7°A0. 


6=B 
Hence, area AOB = limit,, a) 4 717 A0; 
é=a 
that is, area AOB =3{"r2do, 


by the definition of a definite integral. The element of area for 
polar codrdinates is thus 4 7°dé. 


Ex. i. Find the area of the sector of the logarithmic spiral whose equation 
is 7 = e2°, between the radii vectores for which @=a, 0=8. 


Area POQ = ("a0 
a 


=4 i\ Pe2abap 
a 
a e248 — e2aa 
TOs 
No — 142 
4a 


? 


11, 7 being the bounding radii 
vectores. Fig. 35, 


Ex. 2. Find the area of one loop of the lemniscate 1? = a? cos 2 6. 
The area of one half the loop, 


OMA =} f 12d8, 


between proper limits for @, which must be determined. 
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The initial and final positions of the radius vector are OA and OL the tan- 
gent tothe are OM at O. For r= 0, the equation of the curve gives 


0 = a? cos 26; 


and hence, 20 =) a or @6=+ re 


Fig. 36. 


The positive sign indicates the position of OZ, and the negative sign that 
of ON. 


Hence, area OMA =34 i) 200 
0 


2 Tv 
=£ (*cos2.0 do 
2 Jo 

eo 

Mes 


2 
Hence, area of loop OMARO = me 


Ex. 8. Find the area of a sector of the spiral of Archimedes, r= aé, 
between 6=a, 0=8. 


Ex. 4. Find the area of the part of the parabola r= asec? 2 intercepted 

between the curve and the latus rectum. 2 
Ae il 

Ex. 5. Find the area of the cardioid +? = a? cos > 


Ex. 6. Find the area of the loop of the folium of Descartes, 
e+ y8 — 38 ary =—0. 
3asiné cosé | 


(Hint. Change to polar codrdinates, thus obtaining » = : ; 
cos? 6 + sin? @ 


then change the variable @ by putting z = tan 0.) 


Ex. 7. Show that the area bounded by any two radii vectores of the 
hyperbolic spiral 7@ = a, is proportional to the difference between the lengths 
of these radii. 


2 
Ex. 8. Show that the area of a loop of the curve 72 = a@2cos no is ©. 


n 
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67. Areas of curves when polar coérdinates are used: by double 
integration. The areas of curves whose equations are given in 
polar coordinates can be found by double integration, in a man- 
ner analogous to that used in Art. 61. Example 1 below will 
serve to make the method plain. Successive integration in two 
variables, polar coordinates, will also be required in Arts. 77, 79. 


Ex. 1. Find by double integration the area of the circle whose equation 
is r=2acos 0. 

Let OLAN be the given circle, O 
being the pole and OA the diameter 
2a. Within the circle take any 
point P with coordinates (7, 4). 
Draw OP and produce it a distance 
Arto S. Revolve the line OPS about 
O through an angle A@ to the position 
OQR. Then 


area PQORS = 4[(r+ Ar)? — r?] Ad 
= rArAé + 1 (Ar)? A0. Fig. 87. 

Produce OP, OQ to meet the circle in M, G. The area of the sector MOG 

will be found by adding all the elements PQRS therein, and the area of the 


semicircle OL MA will be calculated by adding all the sectors like MOG 
that it contains. 


Area MOG = =PQRS 
r= OM 
= limits, +9 > (rAr dé + 4 (Ar)? A@) 
r=0 
r= OM 
= limit, =O r Ar A@ 
r=0 
by a fundamental theorem in the calculus,* 


r=OM 
and hence, area MOG = rar Ad, 


i ) 


* See Note D, Appendix. 
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in which the integration is performed with respect to tr. Hence, 
@=TOX r= OM - 
area OLMA =I) | fr ar | do 


6=0 r=0 


T 

2 (2acos@¢ 
al rdodr 

0 Jo 


_ wae 
rete 
Hence, the area of the circle is 7a?. 


The area of OMA can also be obtained by finding the area of the circular 
strip LG whose arcs are distant 7, » + dr from O, and then adding all of the 


similar concentric circular stripsfrom Oto A. The angle LOG =cos-1 aa It 
will be found that Ks 


a, n(e& 
area OMA = it, (ea @, dr dé = me as before. 
0 Jo 


Ex. 2. Find by double integration the area of the circle of radius a, the 
pole being at the center; (1) by adding equiangular sectors; (2) by adding 
concentric circular strips. 


68. Areas in Cartesian codrdinates with oblique axes. In this 
case the method of finding the area is similar to that in Art. 61. 
Let the axes be inclined at 
an angle w, and construct a 
parallelogram whose sides 
are parallel to the axes and 
have the lengths Aw, Ay. 
The area of this parallelo- 
gram is 

Aw Ay sin w. 


Pieces: The whole area is the limit 

of the sum of all parallelo- 

grams that are constructed within the perimeter of the figure 

when Aw and Ay approach zero. Hence, the area is the value ef 
the double integral 


f f sinw dady, that is, sin w f f dx dy, 


67-69.) FURTHER GEOMETRICAL APPLICATIONS 11 


between the proper limits for # and y. If the element of area be 
an infinitesimal strip parallel to the y-axis, as in Art. 27, the 
area is the value of the integral 


sin ofy da 


between the proper limits for a. 


69. Integration after a change of variable. Integration when the 
variables are expressed in terms of another variable. The function 
under the sign of integration may assume a much simpler form 
on changing the variables. Examples 1, 3 illustrate this. Some- 
times, also, the ordinary variables are expressed in terms of an- 
other variable. Examples 2, 4 illustrate this. When a change 
is made in the variable or variables, the corresponding changes 
should be made in the limits. The work of returning to the 
original variables, in order to substitute the original limits, will 
thus be avoided. ‘These remarks are also applicable to practical 
examples in other articles. 


Ex. 1. Determine the area of the circle whose equation is x? + y? = a?. 
(Compare Ex. 3, Art. 27.) 


a 
Area of circle = af y de. 
0 
Put x=acosé. Then y=asin#é, and dv =— asiné dé. 


Also, 6= 5 when x«=0, andé@=0 whenx=a. 


Making these substitutions in the integral above, 


0 
area of circle = — af a’ sin? 6 dé 
0 wi 
pate | af Se 
n 2 
— wa. 


Ex. 2. Find the area between the x-axis and the complete arch of the 
cycloid whose equations are « = a@(@ —sin#@), y=a(1—cos@). 


27a 
Area =I) y da. 
0 
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When *=0, 6=0; and when x =27a, 6=27. 
Also, dx = a(1 — cos 6) dé. 


If these values for y, dx, and the limits, be substituted in the integral 
ubove, it becomes 


2: 
area = of "(1 — cos 6)2d0 
0 


=« "(1 —200s0 ++ C822) ag 
0 


= 87a?, 
That is, the area is three times that of the generating circle. 
: ' x2 yy? 
Ex. 3. Find the area of the ellipse Z + lal 1. (Compare Ex. 3, Art. 27.) 
(Hint: put « = acos¢, then y=Dsin¢.) 


Ex. 4. Find the volume of the solid generated by the revolution of a 
complete arch of the cycloid of Ex. 2 about the x-axis. 


70. Measurement of the volumes of solids by means of infinitely 
thin cross-sections. In Art. 30 the volume of a solid of revolution 
was determined by finding the volume of an infinitely thin slice 
of the solid, the slice being taken at right angles to the axis of the 
figure, and the sum of the volumes of all such slices being then 
found. This method can be extended to other figures besides 
figures of revolution. Some convenient line is chosen, and an 
infinitesimally thin slice of the solid is taken at right angles to 
this line. If the area of a face of the thin slice can be expressed 
in terms of its distance from some point on the line, the volume 
of the slice can be expressed in terms of this distance; and from 
this, the sum of the volumes of all the slices can be found. For 
example, let the chosen line be taken for the axis of x, and sup- 
pose that the area of a face of a thin slice at right angles to this 
line is f(#). Let the thickness of the slice be Av. The volume 
is (as in Art. 30) the limit of the sum of an infinite number of 
infinitesimal cylinders whose volumes are of the form f(«) Aa. 
That is, 
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volume of the solid = limit,, -» 3 f(w) Aa, 


= fF @ ae, 


in which the limits of integration are determined from the figure. 


Ex. 1. Determine by this method the volume of the ellipsoid 


x2 2 2 
ME i 
a Bo 


(The student is advised to make a figure.) Ata distance # from the center 
cut out a very thin slice at right angles to the x-axis, and let its thickness be 
dx. The face of this cylindrical slice will be an ellipse whose semiaxes are 


eye ae, bi -% 
a? 


These values are deduced from the equation of the ellipsoid. 


The area of this ellipse = be (2 = a 


@ 
Hence, the volume of the slice = rbc (2 ~ a) aes 
a 
a 2 
and therefore, volume of ellipsoid = moe f” (1 _ =) dx 
ae a 
= $ rabe. 


Ex. 2. Find the volume of a sphere of radius @ by this method. 

Ex. 8. Find the volume of the torus generated by revolving about the 
w-axis the circle x? + (y — 6)? = a@?, in which b ><a. 

Ex. 4. Find the volume of a pyramid or a cone having a base B and a 
height h. 

Px. 5. Find the volume of a right conoid with a circular base and alti- 
tude h, the radius of the base being a. 

Ex. 6. A rectangle moves from a fixed point, one side varying as the 
distance from this point, and the other as the square of this distance. At 
the distance of 2 feet, the rectangle becomes a square of 3 feet. What is 
the volume then generated ? 

Ex. 7. Given a right cylinder of altitude h, and radius of base a. 
Through a diameter of the upper base two planes are passed touching the 
lower base on opposite sides. Find the volume included between the planes. 

2) 38 

Ex. 8. Find the volume of the elliptic paraboloid 2% = x de = cut off by 

the plane « = h. P4@ 
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71. Lengths of curves: rectangular codrdinates. To find the 
length of a curve is equivalent to finding the straight line that 
has the same length as the curve. For this reason the measure- 
ment of its length is usually called “the rectification of the 
curve.” * The deduction here made of the integration formule 
for the length of a curve depends 
upon the definition that integra- 
tion is a process of summation. 

The equation of a given curve 
is f(@, y) =0; it is required to 
find the length s of an are AB, 
A being the point (a, y,), B be- 
ing the point (a, y). On the 
curve take any two points P, Q 
whose coérdinates are a, y, and 
x+ Ax, y+ Ay. Draw the chord PQ and make the construction 
indicated in the figure. 


Fic. 39. 


The chord PQ = V (Ax)? + (Ay)? (1) 


=\ nee (Ze) a. (2) 


As Q approaches infinitely near to P, that is, when Aw ap- 
proaches zero, the chord PQ approaches coincidence with the 
are PQ. It is shown in the differential calculus that if Aw is 
an infinitesimal of the first order, the difference between the 


* In 1659 Wallis (see footnote, Art. 27) published a tract in which he 
showed a method by which curves could be rectified, and in 1660 one of his 
pupils, William Neil, found the length of an are of the semi-cubical parabola 
x? = ay*. This is the first curve that was rectified. Before this it had been 
generally supposed that no curve could be measured by a mathematical proc- 
ess. The second curve whose length was found is the cycloid. Its rectifi- 
cation was effected by Sir Christopher Wren (1632-1723) and published in 
1673. This was before the development of the calculus by Leibniz and 
Newton. 
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are and its chord is an infinitesimal of at least the third order; 


that is 
are PQ = chord PQ + ty (3) 


in which 7; is an infinitesimal of the third order when Aw is an 
infinitesimal of the first order. 


Therefore, s= S(ares PQ) 
an Pinay ec PCN 2 
= limitseae > ( 1+ ) Ax + ‘) 
its V +( a) Ly 
Ay 


by a fundamental theorem.* As Ax approaches zero, ae in gen- 
ax 


eral approaches a definite limiting value, namely, oe Therefore, 
by the definition of a definite integral, ss 


8 =f * ($4) "aac. (4) 
In applying this formula it will be necessary to express 


2 
yt He in terms of « before integration is attempted. 
dx 
Instead of being put in the form (2), equation (1) may be 


given the form, 
Ax\? 
chord PQ =/1 + ( —) Ay. 
Ay 


By the same reasoning as above, it can then be shown that 


[CE da 2 
Sica fi, \1 + a dy, (5) 
2 
in which yt =p a must be expressed in terms of y before inte- 


gration is performed. Formula (4) or formula (5) will be used, 


* See Note D, Appendix, 
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according as it is more convenient to take # or y for the inde- 
pendent variable. 
If As denotes the length of the are PQ, it follows from (3) that 


As / AY \ ots 
Ses fll cb’ Boas 
Ax AG) pa Ax 


Therefore, by the differential calculus, 


ds dy\? 
as 4 i 4 ( 2 
da ak 


2 
whence, ds = 1 He da. 
hy 
Similarly, ds =<! 1+ ge “dy. 
dy 


In order to recall formule (4) and (5) immediately whenever 
they may happen to be required, the student need only remember 
the construction of the triangle PQR, and let its sides become 
infinitesimal. 


Ex. 1. Find the length of the circle whose equation is 2? + y? = a. 
Let AB be the first quadrantal are of the circle. 


In this case, dy __ %, 
dx y 
Hence, arc AB={"y14(#\ac= ("41 +4 ae 
0 dx 0 y? 


a 2 2 a 
0 y? 0 Vaz — a 
=a [ sin = 7G, 
aly <2 
Therefore, the perimeter of the circle (= 4 AB)= 27a. 


Ex. 2. Find the length of the arc of the parabola from the vertex to the 
point (a1, 41). Find the length of the arc from the vertex to the end of the 
latus rectum, 
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Ex. 3. Find the length of the arc of the semicubical parabola ay? = «3 
from the origin to the point (a, yi). Also to the point for which « = 5a. 


Ex. 4. Find the length of the are of the catenary =S (ca 28 rr) from 
the vertex to the point (a, y1). Also to the point for which =a. 


Ex. 5. Find the length of the arc of the cycloid from the point at which 
6 = @ to the point at which @= 6,. Also find the length of a complete arch 
of the curve. 


2 
3 


Ex. 6. Find the entire length of the hypocycloid as ao ys = 0 


Ex. 7. Show that in the ellipse 
L=aQsingd, y= cos ¢, 


¢ being the complement of the eccentric angle of the point (a, y), the arc s 
measured from the extremity of the minor axis is 


3= af*vi — e?sin? ¢ dd, 
0 


and that the entire length of the ellipse is 


4af°vi = sin? ¢ de, 
0 


in which e¢ is the eccentricity.* 


72. Lengths of curves: polar codrdinates. The equation of a 
curve is f(r, 0)= 0, and the length s of the arc AB is required, A 
being the point (7, 6), and B the 
point (7, 6,). On the curve take any 
two points P, Q, whose codrdinates 
are r, 6, r+Ar, 0+ A060. Draw OP, 
OQ, and the chord PQ. About O as 
a center, and with a radius equal to 
OP, describe the are PR which inter- 
sects OQ in R, and draw PR, at right 
angles to OQ. Then the angle 


POQ=A0, RQ=Ar, 
and are OZ 
JETR == rAd. 


* This integral, which is known as ‘‘ the elliptic integral of the second 
kind,’’? cannot be expressed, in a finite form, in terms of the ordinary func- 
tions of mathematics. See Ex. 8, Art. 83. 
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It is shown in the differential calculus that when A@ is an infini 
tesimal of the first order, 
PR, = are PR —i,, an infinitesimal of the third order; 
QR, = QR +i, an infinitesimal of the second order; 
chord PQ = are PQ — ?',, an infinitesimal of the third order. 
In the right-angled triangle PR,Q, 
chord PQ=V PR? + RQ’. 
Hence, when A@ approaches zero, 


are PQ— t's = V(PR — 4)? +(RQ + 22), 


or, are PQ =~V (rAd —i,)? + (Ar +4)? +15 () 
Se AE ie 7 eee eee 
=\) Ge, NG UNO (Gye ee oS 


which differs by an infinitesimal of at least the first order from 


Ar\? 
ve +(—)\ Aé. 
\ +) 
Therefore, 


6=0, 
ae > oy ATG 
Sa {PO = limit A, yr a - 6, 
oe A@ 


when A@ approaches zero, a approaches the definite limiting 


value Therefore, by the definition of a definite integral, 


a= fet + (Se)'a0. @ 


It will be necessary to express Ne aie in terms of @ before 
integration is made. ae 
Similarly, on removing Av from the radical sign in (4), it can 


be shown that 
= =f 14+7 a( ae dr, (4) 
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TS VAIN 
in which VJ 1+r ni must be expressed in terms of 7 before inte- 
‘s 


gration is made. Formula (3) or (4) will be used according as it 
is more convenient to take 6 or r for the independent variable. 

In order to recall these formule immediately it is only 
necessary for the student to remember the construction of the 
figure PRQ, and to suppose that its sides are infinitesimal. 


Ex. 1. Find the length of the circumference of the circle whose equa- 
tion is 


r=4a. 
Here dr = 
de 
2 »\ 2 
Hence, 3 = ii Alp? 4 @ do 
0 dé 
= 0 ge 
0 
= 270. 


Ex. 2. Find the length of the circle of which the equation is r = 2 asin 0. 

Ex. 3. Find the entire length of the cardioid, r = a(1 — cos@). 

Ex. 4. Find the arc of the spiral of Archimedes, r = a@, between the points 
(1, 91), (12, 02). 

Ex. 5. Find the length of the hyperbolic spiral, 76 = a, from (11, 6) to 
(12, 92). 

Ex. 6. Find the length of the logarithmic spiral, 7 = e%, from (1, 0°) to 
("1, 91). 

Ex. 7. Find the length of the arc of the cissoid 7 = 2 a tan @sin @ from the 
cusp (@ = 0) to @ =T 


Ex. 8. Find the length of the arc of the parabola r = asec? from 6=0 


to 0 = 6,; also, from G=—7 t09= 7 


73. The intrinsic equation of a curve. Let PQ be the are of a 
given curve, and let s denote its length. Suppose a point starts 
at P and moves along the curve towards Q. At the instant 
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of starting the point moves in the direction of the tangent 
PT, In passing over the are PQ the direction of motion 
changes at every instant, until at @ the point is moving in 
the direction of the tangent Q7,. The total change in direc- 
tion, as the point moves from P to Q, is measured by the 
angle @ between the two tangents. It will be found that a rela- 
tion exists between the distance s through which the point has 
moved, and the angle ¢ by which the direction of its motion has 
changed. ‘This relation between s and ¢ is called the intrinsic 
T, equation of the curve. The form 
of this equation depends only on 
the nature of the curve, and the 
choice of the initial point P. On 
the other hand, the form of the 
equation of a curve in other 
systems of codrdinates, for ex- 
ample the rectangular and polar, 
depends upon points and lines 
that are independent of the curve. 
Hence the term “ intrinsic.” 


Fie. 41. 


To find the intrinsic equation of a curve given in rectangular 
or polar codrdinates, 

(1) Determine the length of arc s measured from some con- 
venient starting point up to a variable point on the curve. 

(2) Find the angle ¢ between the tangents at the initial and 
the terminal points. 

(3) Eliminate the rectangular or polar variables from the equa- 
tions thus found. 


Ex. 1. Find the intrinsic equation of the catenary 


« te 


y=“ (e+e %). 
2 
If the vertex of the curve be taken as starting point, 


(@) s=2¢e*=e%, [Bx 4, Ant. 71] 
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Also, since the tangent at the vertex is parallel with the -axis, 
x a 


(2) tang aes 1(e*—e %), 
dx 


The elimination of x from (1) and (2) gives the required equation between 


s and ¢, viz., 
s=atan®¢. 


It is easy to extend this result and show that 


s=a([tan (¢ + $1) — tan 41] 


is the intrinsic equation of the catenary when any point A is chosen for the 
initial point. The angle ¢; is then the angle between the tangent at the 
vertex and the tangent at the point A. 


Ex. 2. Find the intrinsic equation of the parabola 
r= @ sec22. 
2 
Tf the vertex of the parabola be taken for the initial point, 
(1) s=a tan sees + alog tan ti ae *) [Ex. 8, Art. 72.] 


Also, since the tangent at the vertex makes an angle of 3 with the polar 
axis, 


where ¢/ is the angle that the tangent at the point (7, 6) makes with the 


polar axis. But 
2¢'=64+7. 


Hence, 0=2¢. 


On substituting this value of @ in equation (1), the intrinsic equation of 
the parabola is found to be 
s=atan¢secd + alog tan($ +7) 


EXAMPLES. 


1. Find the intrinsic equation of a circle with radius r. 


2. Find the intrinsic equation of the cardioid r= a(1 — cos 6), the arc 
being measured from the polar origin. 
8. Find the intrinsic equation of the cycloid 
rs es ans 
y=a(1 —cos6), 
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(1) the origin being the initial point, 
(2) the vertex being the initial point. 


4. Find the intrinsic equation of the parabola y? = 4 pz, 
(1) the vertex being the initial point, 
(2) the extremity of the latus rectum being the initial point. 


5. Find the intrinsic equation of the semicubical parabola 3 ay? = 2 23, 
taking the origin for initial point. 

6. Find the intrinsic equation of the curve y =a log sec a taking the 
origin for the initial point. 


4. Find the intrinsic equation of the logarithmic spiral r = ae°é. 
8. Find the intrinsic equation of the tractrix 


ne Vapi lon eae 
y 


taking the point (0, c) as the initial point. 


9. Find the intrinsic equation of the hypocycloid as + ys a 


any one of the cusps as initial point. 


, taking 


74, Areas of surfaces of solids of revolution. Suppose that the 
surface is generated by the revolution about the a-axis of the 
are AB of the curve whose equation is y= f(x); and let the codr- 


dinates of the points A, B, be x, y%, and 2, y, respectively. 
Take (Fig. 42) any two points on the curve, say P, Q, whose 
coordinates are w, y, and «+Ax, y+ Ay. Draw the chord PQ 
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and the ordinates RP, SQ, 
and suppose that DM is an 
ordinate which is not less, and 
that TN is an ordinate which 
is not greater than any ordi- 
nate that can be drawn from 
the are PNMQ to the w-axis. 
(In Fig. 43, ZM coincides 
with SQ, and TW coincides 
with RP.) Through N, M&M, 
draw lines P,Q,, P,Q», parallel 
to the waxis and equal in 
length to the are PNMQ. On the revolution of the are AB 
about OX, each point in AB describes a circle with its ordinate 
as radius. 
The surface generated by arc PNMQ 


= 27LM x are PQ, 
and S2xTN x arc PQ. 
When Az is an infinitesimal of the first order, 
are PQ = chord PQ +7,, an infinitesimal of at least the third order; 
LM= RP +i, an infinitesimal of at least the first order; 
TN = RP —i', an infinitesimal of at least the first order. 


2 
Hence, since the chord PQ =, j1+ je) Aa, it follows that 
a NINO 
2a(y a “(i zi Ge Ax + i) 


= surface generated by arc PQ 


caer 
2 (9 ah i) (1 ie i) Aw + i) 
Therefore, 
oe a ' Ay\? é 
limitas<0 > 2 (9 - ‘) (vi 4. i) Av+ ‘) 


Fie. 43, 


A|l 
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= surface generated by AB 


S limitanao) 2 =(y a8 2 (1 ee (aay. Ae: a) 


By a fundamental theorem* the least and the greatest expres- 
sions in this inequality are each equal to 


t= 
limits 2 TY ft + eS - AX. 
Aw 


Hence, surface generated by AB 
L=To 5 
= limitse20 > 2 ny aia) Aa. 
Aw 
CS wy 


When Aw approaches zero, BY 


a 


aw 
namely Therefore, by the definition of a definite integral, 


area of surface =f” 9 ey + (2 + (au ax. (1) 


It is necessary to express the function under the sign of inte- 
gration in terms of x before integration is performed. If 


1+/(—jJ)A 
Nor) 
be used for the length of the chord, there will result, 


area of surface =" ayy +(2 ate (22\" FUE (2) 
ay 
Formula (1) or formula (2) is taken according as it is more 
convenient to choose x or y for the independent variable. 
The surface generated by the revolution of AB about the y-axis 
is given by the formule, 


* See Note D, Appendix, 
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=f GER dac\ 2 
surface = e 2 mara| 4 1+ + (#2) dy, (3) 
surface = ie *2 rx\| 1+ (sz) dx. (4) 


The student is advised to deduce these formule for himself. 
The expressions under the sign of integration in formule (1), 
(2) may both be written 2ryds by Art. 71, and those in formule 
(8), (4) may both be written 27eds. In order to recall immedi- 
ately a formula for the area of a surface of revolution, it is only 
necessary to remember that the area traced out by an infinitesi- 
mal arc in its revolution about any line is equal to the product of 
the length of the infinitesimal are by the length of the circle 
which is described by a point on the are. 

Ex. 1. Find the surface generated by the revolution of a semicircle of 
radius @ about its diameter. 

Let the diameter be the z-axis, 
and the origin be at the center ; 
the equation of the curve will be 

PAE pie (ape 


Surface generated by ABA! 
about x-axis 


ta dy 2 : 
=2nf” yVl +($4) dx. 


dy\? _ ise 
But, 1+ (3) = Pp 
2 + y? i a? 
[ia ws 
+a 
Hence, surface = 2 raf dx 


= 47a?. 


Ex. 2. Find the surface of the prolate spheroid obtained by revolving 
about the «-axis the ellipse 2x”? + a®’y? = ab?. 

Ex. 3. Find the surface generated by revolving about the %-axis the 
parabola y2=4azx. Show that the curved surface of the figure generated 
by the are between the vertex and the latus rectum is 1,219 times the area 
of its base, 
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Ex. 4. Find the surface generated by revolving about the y-axis the 


catenary y=$ (e+e) from 2 =0tox=a. 


Ex. 5. Find the entire surface generated by revolving about the x-axis 
the hypocycloid ws + ys = as. 


Ex. 6. A quadrant of a circle of radius @ revolves about the tangent at 
one extremity. Find the area of the curved surface generated. 


Ex. 7. The cardioid r=a(1+ cos@) revolves about the initial line. 
Find the area of the surface generated. 


75. Areas of surfaces whose equations have the form 2=/(x, y). 
Areas of surfaces of revolution were considered in the last article. 
A more general case will now be discussed. In the explanation 
of the following method for measuring the area of a surface, 
reference will be made to these two geometrical propositions : 

(a) The area of the orthogonal projection of a plane area upon 
a second plane is equal to the area of the portion projected multi- 
plied by the cosine of the angle between the planes. - (See C. 
Smith, Solid Geometry, Art. 31.) 

(b) If the equation of a surface be in the form z = f(a, y), the 
cosine of the angle between the ay-plane and the tangent plane at 
any point (a, y, 2) of the surface is 


+(e) +) 


(See C. Smith, Solid Geometry, Arts. 206, 26.) 

Let z= f(a, y) be the equation of the surface BFCMALB 
whose area is required. Take two points P, Q, whose coédrdinates 
are &, y, Zz, «+ Au, y + Ay, z+ Az, respectively. Through P and 
@ pass planes parallel to the yz-plane and let them intersect the 
surface in the ares MZ, M,L,. Also pass planes through P, Q, 
parallel to the za-plane. The curvilinear figure PQ is thus 
formed. ‘The projection of the surface PQ on the xy-plane is the 
rectangle P,Q, whose area is Aw Ay. When Aa, Ay approach zero, 
the point Q comes infinitely close to P; and the curvilinear sur- 
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face PQ, which is then infinitesimal, approaches coincidence with 
that portion of the tangent plane at P, which also has P,Q, for its 
projection on the ay-plane. The area of P,Q, also becomes dz dy. 


Fig. 45. 


Now let Q be infinitely near to P. If y is the angle between the 
ay-plane and the tangent plane at P, it follows from (a) and the 


remarks which have just been made, that 
area P,Q, = area PQ - cos y. 
Hence, area PQ = area P,Q, + sec y 
= da dy sec y. 


2 
Therefore, by (6), area PQ = | 1+ a) + a da dy. 


The summation of all the infinitesimal surfaces PQ in the strip 


LMM,L, gives 


AAG 
area of strip LM, = inl ee ae + ey le | ay |e 
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The summation of all the strips like 2M, in the surface 


BFCMALB gives 
Oz Oz 
Ly |: 
a +(%) ay Jee o 


y=SL 
area of surface BFCMALB =f lak 4/1 a 
2=0 y=0 


or, abbreviating in the usual way, 


“Sr Se N+ (S6)"+ (Baw ae. 


oy 


The limits y= SL, «=OA can be determined from the equa- 
tion of the surface. It is necessary to express the function under 
the signs of integration in terms of wand y. It may happen that 
amore convenient form of the equation of the surface is either 
x= f(y,2), or y=f(%,"). The area of the surface will then be 
the value of either one or the other of the double integrals 


SSy+(Z)+( Fa) ay de Sfp (@Qe (ZX se ae eh dz da, 


between the proper limits of integration. 

In some cases, there are two surfaces each of which intercepts 
a portion of the other. In finding the area of the intercepted 
portion of one of the surfaces, it is necessary to obtain the partial 
derivatives that are required in the formule of integration, from 
the equation of the surface whose partial area is being sought. 
This is illustrated in Ex. 2. 


Ex. 1. Find the surface of the sphere whose equation is 
x? + y? + 22 = Q?, 
Let O-ABC (Fig. 45) be one eighth of the sphere. In this case, 


Oz__& O#__Y, 
Ox 2 oy z 


and hence a a Sails sets as a? 
Ox Oy 
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2=O0A y=SL 


Therefore, area of surface ABC = Ne J \' + e i: + Ce la dy 
=0 ns oy 


= ‘, Pax a? —x? dx gs eS 
Sy y? 


2 Jo 2 
Hence, area of all the surface of the sphere is 4a2._ (Compare Ex. 1, 
Art. 74.) 


Ex. 2. The center of a sphere, whose radius is a, is on the surface of a 
right cylinder the radius of whose base is }@. Find the surface of the cylin- 
der intercepted by the sphere. On taking the origin at the center of the 


sphere, an element of the cylinder for the z-axis and a diameter of a right 
section of the cylinder for the “-axis, the equation of the sphere will be 


ez + y? + = @, 
and the equation of the cylinder, a? + y? = aa. 
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The area of the strip CP will first be found, and then the strips in the 
cylindrical surface APBOCA will be summed. ‘The element of surface in 
the strip CP is dvdz. Hence, 


Cylindrical surface intercepted = 4 APBOCA 
2=0A 2=CP 1 
2 
Su) JS fae aes (oi dir dz. 
0z 
Since the surface required is on the cylinder, the partial derivatives must 


be derived from the second of the equations above. Hence, 


oy __a—2% OY _ 9, 


? 


Ox.) 29 dz 
Also, CP? = 22 = qa? — (a? + y?), since P is on the sphere, 
and hence, = a — an, since P is on the cylinder. 


Moreover, OA=da. 
Therefore, the cylindrical surface intercepted 


a V a2—az ,- a—24 2 4 
=4) i) [2 aaa | da dz. 
0 Jo 2y 


But on the cylinder, y? = aw — x2. Hence, 
the intercepted cylindrical surface 


Ms af" (o> ee dx dz 
0 


Vax — 2 
2a a 
=2 va Me an, = 2.464] dx 
0 Vax — x 0 
=4a?. 


Ex. 3. In the preceding example, find the surface of the sphere inter- 
cepted by the cylinder. 
Ex. 4. Find the area of the portion of the surface of the sphere 


v2 + y? + 22 =2ay 
lying within the paraboloid 
y = Ax? + Bz. 


76. Mean values. The mean value of n quantities is the nth 
part of their sum, Let (@) be any continuous function of 2, 
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and let an interval, b — a, be divided into n parts, each equal to h. 
The mean value of the n quantities, 


$(a), o(a+h), o(a+ 2h), nO) (a+ (n—1)h), 
PM@+$(Gth+oG+2h) +--+ o@tn—1h) 


nr 


is 


; Oa 5 ; 
Since n Sa this mean value is 


o(ah+o(ath)ht--+ o(a+n—Ah)h 
b—a 


Now suppose that x takes all the possible values, infinite in 
number, that are in the interval between a and b. Then, n is 
infinite, A is infinitesimal, and the number of terms in the last 
numerator is infinite. The sum of all these terms, by Art. 4, is 


expressed by 
b 
S (a) dev. 


Hence, the mean value of all the values that a continuous 
function, ¢(«), can take in the interval b — a for « is 


5a) dx 


b-a 


This is usually called the mean value of the function $(#) over 
the range ba. A geometric conception of the mean value was 
given in Art. 7 (c). A more general definition of mean value is 
given in Art. 77. 

It is necessary to understand clearly the law according to 
which the successive values of the function are taken. Exs. 1, 2, 
Exs. 6, 7, and Exs. 12, 13, will serve to illustrate this remark. 


Ex. 1. Find the mean velocity of a body when falling from rest, the 
velocities being taken at equal intervals of time. 

In the case of a body falling from rest, v=4gt. Hence, calling V the 
mean velocity for a time ¢, 
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ll 


<< 
fwd 
Qu 
~ 


t 
Lear =) Jy batt = bot =3 m3 


that is, the mean velocity is one half the final velocity. 
Ex. 2. In the case of a body that falls from rest, find the mean of the 
velocities which the body has at equal intervals of space. It is known that, 


if s is the distance through which a body has fallen on starting from rest, 


and v is the velocity required, 
C4 —= 208: 
Hence, the mean velocity, 


Si Ss 
aes ii V2 qs ds = 2/2 gs = 213 
51,“ 


that is, the mean of the equal-distance velocities is equal to two thirds of the 
final velocity. 


Ex. 3. Find the average value of the function 322+ 5x —7 as x varies 
continuously from | to 4. 


Ex. 4. Find the average value of the function 73 —82?+2%—1 as x, 
varies continuously from 0 to 3. 


Ex. 5. Find the average ordinate drawn, 


(a) in the curve, y= x? + 2+ 1 between the abscissas 2, 3; 
(6) in the curve, y =(#+ 1)(a + 2) between the abscissas 1, 3; 
(c) in the curve, «++ ax? + ax? + b?y = 0 between the abscissas a, 0. 


Ex. 6. Find the mean length of the ordinates of a semicircle (radius a), 
the ordinates being erected at equidistant intervals on the diameter. 


Ex. 7. Find the mean length of the ordinates of a semicircle (radius a), 
the ordinates being drawn at equidistant intervals on the arc. 


Ex. 8. Find the mean value of sin @ as 6 varies from 0 to re 

Ex. 9. Find the mean distance of the points on the circumference of a 
circle of radius a, from a fixed point on the circumference. : 

Ex. 10. Find the mean latitude of all the places north of the equator. 


Ex. 11. A number n is divided at random into two parts. Find the mean 
value of their product. 


Ex. 12. Show that the mean of the squares on the diameters of an ellipse 
that are drawn at equal angular intervals is equal to the rectangle contained 
by the major and minor axes. 
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Ex. 18. Show that the mean of the squares on the diameters of an ellipse 
that are drawn at points on the curve whose eccentric angles differ succes- 
sively by equal amounts, is equal to one half the sum of the squares on the 
major and minor axes. 


77. A more general definition of mean value. In Exs. 1, 3, 4, 
below, “the range” over which the function (in these cases, the 
distance of a point) varies, is a plane area. In Ex. 2, the range 
is a curvilinear area; and in Exs. 5, 6, it is a portion of space. 
The following may be taken for the definition of the mean value 
of a function, whatever the range may be: 


element of the range) x (the ele- 
ment of the range) 


function throughout The range 


The mean value of a 
any range 


SS (The value of the function for each 


in which the summation in the numerator is made throughout 
the whole of the range. The mean value considered in Art. 76 
is merely a special case. 


Ex. 1. Find the mean distance of a fixed point on the circumference of a 
circle of radius @ from all points within the circle. 

On taking the fixed point for the pole and the tangent thereat for the 
initial line, the value of the function (in this case the distance) at any point 
(r, 0) isr. The element of the range 
(in this case an area) at the point is 
rdedr. This is shown in Fig. 47. 


Hence, ; 
inh sin 9.2 do ap 
. the mean distance = 2" —______ 


a wT (2as8ing 
if f r dé dr 
0 Jo 


37 
80? ("sins 6 d0 
3 Jo 


TO 


9 


Tv 


(See Ex. 1, Art. 67.) 
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Ex. 2. Find the mean length of the ordinates drawn from all points on 
the curyed surface of a hemisphere of radius @ to its diametral plane. 


Ex. 8. Find the mean length of the ordinates drawn from all the points of 
its diametral plane to the surface of the hemisphere of radius a. 


Ex. 4. Find the mean square of the distance of a point within a given 
square (side = 27) from the center of the square. 


Ex. 5. Find the mean distance of all the points within a sphere of radius a 
from a given point on the surface. 


Ex. 6. Find the mean distance of all the points within a sphere of radius a@ 
from the center. 


EXAMPLES ON CHAPTER IX. 


1. Find the volume of a sphere of radius @ by means of a single integra- 
tion. (Suppose that the sphere is made up of infinitely thin concentric 
spherical shells of thickness dr. ‘The volume of each shell = 4 rr2dr ; hence 


a 
volume of sphere = 4 rf rdr = $70. 
0 


2. Find the volume and surface generated by revolving about the y-axis 
the ellipse b?a? + a?y? = @?b?. 


3. Find the surface generated by the revolution about the y-axis of the arc 
of the parabola y? = 4 ax from the origin to the point (a, y). 


3 
4. Find the volume generated by revolving the witch y = ———~— . = 5 about 
its asymptote. w+ 4a 


5. Find the convex surface of the cone generated by revolving about the 
x-axis the line joining the origin and the point (a, b). 


6. Find the surface of the torus generated by revolving about the a-axis 
the circle 2 + (y — b)? = @?. 
22 
7. On the double ordinates of the ellipse = += 1, and in planes per- 
a? 2 
pendicular to that of the ellipse, isosceles triangles of vertical angle 2a are 
described. Find the volume of the surface thus constructed. 


8. Two cylinders of equal altitude h have a circle of radius @ for their 
common upper base. Their lower bases are tangent to each other. Find the 
volume common to the two cylinders. 


9. Find the volume inclosed by two right circular cylinders of equal 
radius @ whose axes intersect at right angles. Also, find the surface of one 
intercepted by the other. 
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10. Find the volume of the solid contained between 
the paraboloid of revolution, «2+ y2= az; 
the cylinder, ety? = 2 ans 
and the plane, Bi) 


11. Find the entire volume bounded by the surface 


12. An arc of a circle revolves about its chord. Find the volume and sur- 
face of the solid generated, @ being the radius, and 2 a the angular measure of 
the arc. 


18. A cycloid revolves about the tangent at the vertex. Find the surface 
and volume of the solid generated. 


14. A cycloid revolves about its base. Find the area of the surface 
generated. ; 


15. A cycloid revolves about its axis. Vind the surface and volume 
generated. 


16. A quadrant of an ellipse revolves round a tangent at the end of the 
minor axis of the ellipse. Find the volume of the solid generated. 


17. If b be the radius of the middle section of a cask, a the radius of 
either end, and h its length, find the volume of the cask, assuming that the 
generating curve is an arc of a parabola. 


18. Find the length of the curve 9 ay?=a#(«—38a)? from x=0toxz=8a. 
19. Find the length of the logarithmic curve ¥ = ca*. 


20. Find the length of an arch of the epicycloid, 


x=(a+b) cos9 —b cos? + 2a, 


=(¢-+ b) sind — bsin "9 Be. 


21. Find the length of an are of the evolute of the parabola y?=4 px, 
namely, 


27 py? = 4 (a — 2p)? 
from the point where ~=2p to the point where x=38p. Also, find the 
leneth of are of the preceding curve from the cusp (®=2p) to the point 
where it intersects the parabola (at the point for which x=8p). 
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22. Find the length of the arc of the curve y=logsing between w= F 


and «=. 
2 


23. Find the length of the arc of the evolute of the circle, 
x =a (cos @ + @sin @), 


y = a(sin @ — @cos@), 
from 6=0 to d=a. 


24. Find the entire length of the curve 7 = asin® : 


25. Find the length of arc of the spiral r = mé?, from @=0 to @= 44. 


CHAPTER X 
APPLICATIONS TO MECHANICS 


78. Mass and density. This chapter is introduced for the 
purpose of giving the student further examples of the applica- 
tion of the fundamental principle of the integral calculus, and 
of affording him additional opportunity for practice in integra- 
tion. The definitions of mechanics that are required in what 
follows are merely stated, but are not discussed. They will be 
familiar to those who have had the advantage of an elementary 
course in that subject. Other readers can only assume these 
definitions as data for problems in integration. 

Mass. The mass of a body is usually defined as “the quantity 
of matter which it contains,’ and is specified in terms of the 
mass of a standard body. In English-speaking countries, for 
ordinary purposes, the standard mass is a certain bar of plati- 
num marked “P.S. 1844. 1 1b.,” which is called the “imperial 
standard pound avoirdupois,” and is preserved at the Office of 
the Exchequer in London. Any mass equal to this standard 
mass is then a unit of mass. For scientific purposes in general, 
and in countries where the metric system is adopted, the standard 
of mass is the “kilogramme des archives,” a bar of platinum 
kept in the Palais des Archives in Paris. A mass equal to one 
thousandth of this standard is then the unit of mass; this unit 
is called the gram. The mass of a body should not be con- 
founded with its weight. The weight of a body depends upon 
its distance from the center of the earth, but its mass is inde- 
pendent of its position. 

Density. The mean density of a body is the quotient of its 
mass by its volume. The density at a given point of a body is 
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the quotient of the mass of an infinitesimal portion of the body 
surrounding the given point by the volume of the same portion. 
If the density of a body is the same at all of its points, it is said 
to be homogeneous. 


79. Center of mass. Suppose that there is a system of parti- 
cles whose masses are m, M, -+-, and whose distances from a 
given plane are 7, 1%, +++. There is a point whose distance D 
from the given plane, no matter what plane it may be, always 
satisfies the condition 


Myr, + Mog + oe 
sy sere aa a 
that is, the condition 
smr 
is © 


This point is the center of mass. In other words, the distance 
of the center of mass of a system of particles from any plane 
is equal to the sum of the products of the masses of the parti- 
cles into their distances from the plane, divided by the total 
mass of the system. The center of gravity of a body, when it 
has one, coincides with the center of mass, and the former term 
is often used for the latter. The position of a point is known 
if its distances from three planes, no two of which are parallel 
to each other, are known. If a, 4, 21) % Yo Z ++: are the cobdrdi- 
nates of the particles of mass m, my, ---, respectively, and if 
x, y, 2 are the codrdinates of their center of mass, then by (2) 
Smz 


io Sm (3) 


In cases in which matter is continuously distributed, — for 
example, as in a bar, a solid sphere, a cylindrical shell, ete., — 
the matter in the bar, sphere, shell, etc., may be supposed to 
be divided into small portious whose masses are Am, Amy, ++: 
If a point be taken in each of these elements, and the dis- 
tances of these points from a fixed plane be 7, 7, -+-, then the 
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smaller the portions Am the more nearly do they come to being 
particles with distances 7, 7, ---, from the fixed plane. Ulti- 
mately, therefore, the distance of their center of mass from the 


plane is given by 
=r Am. 
5 Am 


In accordance with the first definition of integration this is 


D = limit .m0 


written, 


ram 


fan 


Therefore, in the case of any continuous distribution of matter, 
the coédrdinates &, 7, z, of the center of mass are given by 


ae fy am __ jeam 
adm 


9 B= 
fam jam 


If p be the density at any point of a body, and dv an infini- 
tesimal volume about the point, 


D= 


: (4) 


S 


dm =pdv, 
the total mass = f pdv, 
and formule (4) become 


oo i px du fey dv __ See Ke 
B= 39 ==. —— $8 
pdv fo dv fp aie 
The density p usually varies from point to point of a body, and 


it is generally expressed as some function of the position of the 
point. If the body is homogeneous, p is constant and can be 


(5) 


removed from formule (5) by cancellation. If p be the mean 
density of a non-homogeneous body, then, by the definition in 
Art. 78, 


jeise dv a 


fae" 
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If matter be supposed to be continuously distributed along a 
line or curve making, as it were, a wire of infinitesimal cross- 
section, or so thinly laid upon a surface, curvilinear or plane, 
that the thickness of the layer may be neglected, the term “mass- 
center” can also be used with reference to lines and curves, sur- 
faces and plane areas. If As, AS, AA are small elements of a 
line or curve, a curvilinear surface, and a plane area respectively, 
and p is the linear density or the surface density, the codrdinates 
of the mass-center of an arc, surface, or plane area are obtained 
from formule (5) on the substitution of ds, dS, dA respectively 
for dV. Expressions for these differentials have already been 
obtained in the preceding articles. The mean linear and surface 
density can be obtained by making these substitutions in for- 
mula (6). 


Ex. 1. Find the total mass and the mean density of a very thin plate 
which is the first quadrant of the circle whose equation is «? + y? = qa’, and 
whose density varies at each point as ay. . 

If p denote the density, then by the given 
condition, 

pe xy 5 
that is, p—kxy, 
in which & is some constant. 
If M denote the total mass of the quadrant, 


and dm denote the mass of an infinitesimal rec- 
tangle about any point, 


M= (am = (pda 


@ Py aa 
=\\ \\ % "ay da dy 
0/70 
at 


k 


ole 


If p be the mean density, it follows from the definition that, 


Sets shat eat 
om faa “Lng 29 
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Ex. 2. Find the center of mass of the thin plate described in Ex. 1, 


§ ox dw fkayxda 
f pa M 


CAT AVA 
kf i) aa? 24 dx dy 
2 AN Mt EE 


Here, C= 


M 
L kad 
= i05 
= That — 154 
Similarly, ’ y=a. 


Ex. 3. Find the mass-center for a thin hemispherical shell, radius @, whose 
density at each point of the surface varies as the distance y from the plane of 
the rim. 

Let the hemisphere be described by revolving the semicircle of radius a 
and center O about the y-axis OY, which is at right angles to the diameter, 
the point O being taken for the origin 
of coédrdinates. Let P, whose codrdi- 
nates are x, y, be any point on the 
semicircle, and draw PM, PN at 
right angles to the axes of # and y 
respectively. Join OP, and denote 
the angle NOP by #@. 


At the point P, y=acosé; 
also at P, pey, 
that is, p = kacos8@, 


_ inwhich % is some constant. The infinitesimal arc of length ds at P describes 
a zone about OY whose area is given by 


aS =2rNP ds. 
or, since ds = ad@, =2mrasin@-adé. 
The symmetry of the figure shows that 


i=) 
% 
fev dS 2 rkat { * cos? 6 sin 6 dé 
= 0 


fe as 2 ka? ( ? cos 6 sin 6 d@ 
0 


= £4. 


Also, Yr 


Hence, the center of mass is at the point (0, 3@). 
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Ex. 4. Find the center of mass of a right circular cone of height h, which 
is generated by the revolution of the 
line y = ax about the x-axis, when 
the density of each infinitely thin 
cross-section varies as its distance 
from the vertex. 

Symmetry shows that the center 
of mass is in the a-axis. Suppose 
that a very thin plate RS is taken 
which cuts the axis of the cone at 
right angles at C at a distance x 
from the vertex. 


XC 


Fre. 50. 


The radius CR of the cross-section = ax. 
The density of this thin plate, P= hx: 
The volume of the thin plate, dV=7 CR’ dx 


= warn? de. 


Hence, “= - 
i padV kena? x dc 


Ex. 5. Find the mean density of the cone described in Ex. 4. 
Ex. 6. Find the mass-center of the surface of the cone in Ex. 4, 


Ex. 7. Find the mass-center of the cone generated in Ex. 4, and the mass- 
center of its convex surface when the density is uniform. 


Ex. 8. Find the mass-center of a quadrantal are of the hypocycloid 


Ex. 9. Find the mass-center of the convex surface of a hemisphere of 
radius 10. 


Ex. 10. The quadrant of a circle of radius @ revolves about the tangent 
at one extremity ; prove that the distance of the mass-center of the generated 
curved surface from the vertex is .876 a. 


Ex. 11. Find the mass-center of the semicircle of #? + y? = q on the 
right of the y-axis. 


Ex. 12. Find the mass, the mean density, and the mass-center of the 
semicircle in Ex. 11 when the density varies as the distance from the 
diameter, 
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Ex. 13. Find the mass-center of a circular sector of angle 2a, taking 
the origin at the center, and the w-axis along the bisector of the angle. 


Ex. 14. Find the mass-center of the first quadrant of the ellipse b2x2 
+ a@y? = a?b?. : 


Ex. 15. Find the mass-center of the area between the parabola 7? = 4 az, 
and: (a) the double ordinate for «= h ; (0) the ordinate for a = h and a-axis. 


Ex. 16. Show that the mass-center of the circular spandril formed by a 
quadrant of a circle of radius @ and the tangents at its extremities is at a 
distance .2234 @ from either tangent. 


Ex. 17. Find the mass-center of a quadrant of the hypocycloid as + ye 


Ex. 18. Find the mass-center of the area between the parabola oe? + yp 


Bi 
= a? and the axes. 
a8 
a—x“ 


Ex. 19. Find the mass-center of the area between the cissoid y? = 
and its asymptote. 


Ex. 20. Find the mass-center of the cardioid r =2.a(1 — cos6). 


Ex. 21. Find the center of mass of the solid paraboloid generated by the 
revolution of y? = 4 ax about the w-axis. 


Ex. 22. Show that the center of mass of a solid hemisphere of uniform 
density and radius @, is at a distance 3a from the plane of the base. 


Ex. 23. Show that the center of mass of a solid hemisphere, radius a, in 
which the density varies as the distance from the diametral plane is at a dis- 
tance 38: a from this plane. Also show that the mean density of this hemi- 
sphere is equal to the density at a distance }.@ from the base. 


Ex. 24. Find the center of mass of a solid hemisphere, radius a, in which 
the density varies as the distance from the center of the sphere. 


Ex. 25. Find the center of mass of the solid generated by the revolution 
of the cardioid r = 2 a (1 — cos @) about its axis. 


80. Moment of inertia. Radius of gyration. If in any system 
of particles the mass of each particle be multiplied by the square 
of its distance from a given line, the sum of the products thus 
obtained is called the moment of inertia of the system about that 
line. Thus, if m,, ms, ---, be the masses of the several particles, 
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11, 1, °+*, their distances from the line, and J denote the moment 
of inertia, 


2 : 
T= myrfP + mre + +5 


that is, Tein (1) 


In any case in which matter is continuously distributed, as in 
a solid cylinder, a shell, etc., the matter may be supposed to be 
divided into small portions, Am,, Am, +++. By reasoning similar 
to that employed in the last article, it can be shown that 


jg f r2dm. 


If matter be supposed to be distributed uniformly along a line 
or curve, or upon a curvilinear surface or a plane area, the term 
“moment of inertia” can also be used in reference to curves, 
surfaces, and plane areas. 

Let M denote the total mass of a body, namely { dm, and I its 


moment of inertia about a given line or axis. If & satisfies the 
equation 


Mike = T; 
r2dm 
that is, if k2 = z = Jotame 
fam 


k is called the radius of gyration of the body about the given 
axis. 


Ex. 1. Find the moment of inertia of a rectangle of uniform density, 
whose sides have the lengths b, @ about a line which passes through the 
center of the rectangle and is parallel to the sides of length 0. 

The density per unit of area will be represented by unity. Let the axes 
of « and y be taken parallel to the sides of the rectangle, the origin being at 
the center, and let 


AB=b, BC=d. 
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Then [= fv dA 


a@ 2b 
2 2 
=y\ f y? dy da 
Ea =) 
2 


ba 
12 
This moment of inertia is impor- 
tant in calculations on beams. Since 
the mass of the rectangle = bd, 
Ege 9 ca eek 
M 12 


Fig. 51. 


Ex. 2. Find the moment of inertia of a very thin circular plate of uniform 
density of radius a@ about an axis through its center and perpendicular to 
its plane. ; 

Taking the density as unity per unit of area, 


I= {rdm = (raA 
a Qa 

=i) r2.rdr de 
0 Jo 


— 7a 
2 
ul 
if 2 a 
‘ ee Ah gee, ae aN 
Also, (Ge eae 


Ex. 3. Find the moment of inertia about its axis of a right circular cone 
of height h and base of radius b, the density being uniform, and m being 
the mass per unit of volume. 

The moment of inertia is equal 
to the sum of the moments of inertia 
of very thin transverse plates like 


RS. If 
OC= X, 


then, by similar triangles, 


BO= Gas). 
h 
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Hence, if dZ denote the moment of inertia of the plate RS of thickness 
dx, by Ex. 2, 


a= ae Ah — xy dee. 


Therefore, for the whole cone, 
p= (h — 2)4 de 


2h 
— MT pap 
10 
I Je 1 mrbth 
2 — Se 1D 
er: ‘ M mV immb*h 
= 53, b?. 
10 


Ex. 4. Find the radius of gyration of a uniform circular wire about its 
diameter. 

Ex. 5. Find the moment of inertia of the triangle formed by the axes and 
a line whose intercepts are a@ and b, about an axis which passes through the 
origin, and is at right angles to the plane of the triangle. 

Ex. 6. Find the radius of gyration about its line of symmetry of an 
isosceles triangle of base 2 a and altitude h. 

Ex. 7. Find the moment of inertia about the x-axis of the area between 
the line and the parabola which both pass through the origin and the point 
(a, 0), the axis of the parabola being along the a-axis. 

Ex. 8. Find the moments of inertia of the ellipse b?x? + a?y? = a?b?: (a) 
about the x-axis; (0) about the y-axis; (¢) about an axis that passes through 
the center of the ellipse and is perpendicular to the plane of the ellipse. 
Apply the results to the circle 2? + y2 = a? P 

Ex. 9. Find the moment of inertia of the thin plate in Ex. 1, Art. 79, 
about the x-axis. 


Ex. 10. Find the moment of inertia of a homogeneous ellipsoid 
pee 
e+e pat 
about the #-axis. 
Ex. 11. Find the moment of inertia of the surface ot a sphere of radius a 
about a diameter, m being the mass per unit of surface. 


Ex. 12. Find the moment of inertia of a solid homogeneous sphere of 
radius @ about a diameter, m being the mass per unit of volume. 

Ex. 13. Find the moment of inertia of the semicircular plate described in 
Ex. 12, Art. 79, about the diameter, 

Kx. 14. Find the moment of inertia, and the radius of gyration about its 
axis, of a homogeneous right circular cylinder of leneth 7 and radius R, m 
being the mass per unit of volume, Also about a diameter of one end. 


CHAPTER XI 


APPROXIMATE INTEGRATION. INTEGRATION BY 
MEANS OF SERIES. INTEGRATION BY MEANS 
OF THE MEASUREMENT OF AREAS 


81. Approximate integration. It was remarked in Arts. 4, 8 
that in most cases in which a differential f(#) dw is given it is 
not possible to find the anti-differential. In some of these 
cases, however, an expression can be found that will approxi- 
mately represent the indefinite integral Hf JS (a) dx. Even if this 
cannot be done, it is often possible to determine a value that 
will very nearly be that of the definite integral ji F(a) dx. 
Art. 82 explains a method, that of integration in series, by 
means of which an indefinite integral may be expressed as a 
function of # in the form of a series that contains an infinite 
number of terms. An important application of this method 
to another problem is given in Art. 83. Arts. 84-87 set forth 
a method, that of measurement of areas, which reduces the 
evaluation of a definite integral to a mere matter of careful 
computation. In this connection several formule for the ap- 
proximate determination of areas are necessarily considered. 


82. Integration in series. When the indefinite integral of a 
given function, f(#) dx, cannot be found by any of the means 
thus far considered, one of the most usual and most fruitful 
methods employed is the following: The function f(@) is de- 
veloped in a series in ascending or descending powers of a. If 
this series is convergent within certain limits for a, the series 


obtained by integrating it term by term is also convergent 
177 
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within the same limits.* The greater the number of terms 


taken the more nearly will the new series represent ff dx. 


Ex. 1. Find heer 

+ 05)3 

By the binomial theorem, 
1 

2 

(1 + @)3 

The second member is convergent for values of x between + 1 and —1. 


Integration of both members of (1) gives 


dx 2 26 Mo ts gu DENS) One: gp6 
9 j——- 2. Pn OREN I 
2 Gos Tae Tee Wik os eel 


-2 2) De ol has § 2 5-8 x5 
ie e)t ee oe 
ae in ae por Toes Ste 


Q) 


The second member represents the required integral for values of x 
between +1 and —1. It follows from (2) that 


Le, 2 2-5 1 2-5-8 1 
ee Sih : = ee ee ar 
Sai 3.61.2 37-11 1-2-3 33.167 
Ex. 2. Find it eda 
2 8 
Sinc eel a ee a Lar 
oS" : cE ere aii eae ; 
+ 6 
1 mee = teeta SAS TR Ey 
() e a aa ara sien eat 
which is convergent for all finite values of x. 
* Suppose that 
S(H) = A + AUG + QM? + oe + An"! + Ane $ vee, (1) 
2 3 n n+1 
Then i oC) a= aa ee One a ee 9 
$@) 2 3 n t n+1 £ ©“) 


an unity for all values 


Gn-1 
of beyond some finite number. The series in (2) is convergent when 


—” _ Gt and therefore when 2” 
m+ ayy — Gn-1 
beyond a certain number. Since the convergency of both series depends 


upon the same condition, the second series is convergent when the first is 
convergent. 


, is less than unity for all values of n 
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Integration of both members of (1) gives 


z 3 5 vi 9 
2 feaacta+® z 2 Ze S04 
2 SMoee Pees ly icon eee re 


The second member represents the required integral for values of a 
between +1 and —1. It follows from (2) that 


aE es 1 il 1 il 
ede =2/ 1 = te. 
thes Ley ia et ee 
dx P 
Ex. 8. — ai 
x Via Hz 7, fa + ca) 1am] da, 
Ex. 4 di Ex. 8. iy a (Put sin x=z.) 
a : Vsina 
V1l—x@ 
ixaeos = 
ax 


Ex. 5. farvi — x? dx. 

Ex. 10. ‘ene dhe. 
x 

Ex. 6. fevi — x dx. 


sin « 
(Compare Ex. 28, page 98.) se Tt j rat oe 
83. Expansion of functions by means of integration in series. A 
function can be developed in series by means of the method 
described in the last article if the expansion of its derivative is 
known. The series which represents the function is obtained by 
integrating the series which represents the derivative, and deter- 
mining the value of the constant of integration. 


Ex. 1. Expand tan-!~ in a series of ascending powers of &. 
Differentiation and division give 


dx 


d-tan-14 = =(1 — 4 + wt — 6 + +» + (— 1) 10?” — «.-) da, 
1+ 2 
which is convergent when « lies between — 1 and + 1. 
Integrating, 
3 5 7 2n+1 
CaneG 10 ee, Se at (2 Tne tee 
Sm OF te |, ) 2n+1 
The substitution of 0 for x gives 
iis =o, 


m being an integer; and hence, 
5 1 
Co © 
tantex=mr+e%—24—-— tH -, 
ae On anes 
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This series* can be employed for values of x» between —1 and +1. It 


: ; 1 
can be used for computing the value of 7. For, on putting # = —— 
> 


it is found that : ‘ v3 
1 T 1 1 
le Sj — i aa ae RT elk. | 19 
tan i m+ mn + -( 9+ 45 139 ¢ ) 
5 1 1 1 
whence, 7 = 23 (1 Sig hae nage -). 


Ex. 2. Expand} sin-!a in a series in; and compute the value of m by 
putting @ = i. 
5 7 ok Ae 
Ex. 3. Derive ¢ fe* dx - + 1 Eee A Saare +++, Which is 
convergent for all finite values of x. 


Ex. 4. Show that 


2 3 4 

1 =lo ee BES ee when la Ibeg 

og (4 + &) a 2 3a8 Lok |el<1; 
a ae at 


oe } Sat --- when | #%|>1. 


The symbol | «| denotes the absolute value of a. 
Ex. 5. Derive series for log (1 + x), log (1 — x), log 2, log 9. 

3 1 
Ex. 6. Develop log (« + V1 + #?) in a series by integrating (1 + 22)? da. 
Ex. 7. § Show that 


z do ="f1 Lg 2 4. (1:32 2 3.5 
FP ___ =T114 (4h) Hee PEN ty ne. 
S Vi_-ksnt¢ 2 ‘ -4.6 


L8G a= Din\"4 0], 
sf ae +e 
k* being less than unity. (See Ex. 9, Art. 46.) 


and that log (a+) =loga+ g 
x 


* It is usually called Gregory’s series, after its discoverer, James Gregory 
(1688-1675). It was found also by Leibniz (1646-1716). 

} This expansion is due to Newton (1642-1727), and, by means of it, he 
computed the value of 7. 

t This integral is often met in the theory ©. probabilities, and in certain 


questions in physics. For the evaluation of ae « de when «@ is greater than 
unity, see Laurent, Cours d’ Analyse, t. II. “s IV., p. 284. For the deriva- 


tion of fy e-? da = 4 V7, see Williamson, Integral Calculus, hx. 4, Art. 116. 

§ This integral is called the ‘elliptic integral of the first kind.’”’ It re- 
ceived the name elliptic integral from its similarity to the integral in Ex. 8, 
which represents the length of a quadrantal are of an ellipse, and is known 
as ‘‘the elliptic integral of the second kind.’’ The integral of the first and 
second kind are usually denoted by F'(k, »), H(k, @), respectively. These 
names and symbols were given by Legendre (1752-1833). 
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Ex. 8. Show that 


5 : : ; : 
V1 — ksin? ¢ d. =F -3(5*) (Ls :) -H(L8-5 
§, PSE oles Aho sleet 1 Renal erie. 


sel earer ere al ; 
2n—1 2-4. | 
(See Ex. 9, Art. 46; Ex. 7, Art. 71.) 


Ex. 9. Deduce the value of 7 by means of the series in Ex. 1, it being 
known that ™ —4tan-1 tan-1 1. 
4 5 239 


84. Evaluation of definite integrals by the measurement of areas. 
b 
It has been seen in Arts 4, 6, that the definite integral {/ St (@) dx, 


may be graphically represented by the area included by the curve 
whose equation is y=/(#), the axis of a, and the ordinates for 
which «=a, «= b; and it has been observed that the evaluation 
of the integral is equivalent to the measurement of this area. 


The numerical value of the integral A: : J («) dx, which is also the 


same as that of the area just described, has been obtained up to 
this point, by finding the anti-differential of f(x) da, say (a), 
substituting b and a for w therein, and calculating $ (6) — ¢ (a). 
But when it is not possible to find the anti-differential of f(«) da, 
recourse must be had to other methods. 

While, on the one hand, as already shown, areas may be 
determined by evaluating definite integrals, on the other hand, 
definite integrals may be evaluated by measuring areas. If the 


b 
anti-differential of f(#)da# is unknown, the value of f S (@) dx can 


be found in the following way. Plot the curve y=/(#) from 
x=a to x=), erect the ordinates for which w=a, =}, and 
measure the area bounded by the curve, the axis of x, and these 
ordinates. There are several rules or formule for determining 
areas of this kind. The degree of approximation to absolute 
correctness depends in general only on the patience wf the 
calculator. These formule, some of which are usually given in 
manuals for engineers, are called “formule for the approximate 
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determination of areas,” or “formule for approximate quadra- 
ture.” They may be given the more general title, “formule 
for approximate integration.” The two rules most frequently 
employed, namely, the trapezoidal rule and Simpson’s one-third 
rule, are discussed in Arts. 85, 86, and a rule deduced from them 
is given in Art. 87. Other rules are given in the Appendix.* 

It should be observed that only a numerical result is obtained 
by means of these rules. The knowledge of the value of the 


definite integral {- J (#)dx thus calculated does not give any clue 
whatever to the Epon of the indefinite integral I. J (@) da as 
a function of w. If the indefinite integral Jf ' (w) daz has been 
found in the form of a series which is convergent for values of x 
between a and 0, the value of the definite integral (5 f (x) dx, 


can be found as accurately as one pleases by taking a suffi- 
ciently large number of terms. Illustrations of this remark 
have been given in Exs. 1, 2, Art. 82, and.in Exs. 1, 2, 7, 8, 
Art. 83. is 


85. The trapezoidal rule. Let AX be a portion of a curve whose 
equation may or may not be known; and let LA, 7'K, be drawn 
at right angles to the line 
OX. It is required to find 
the area AKTL contained 
between the curve AX, the 
lne LT, and the perpendicu- 
lars LA, KT. 

Divide LT into n parts, 
each equal to h, and at the 
LM WN points of division erect the 
perpendiculars MB, NC, ++, 
SH. Draw the chords AB, 
BC, ..-, HK. A rule for finding the area of LAKT will now be 


jee JS 


Fie, 53. 


* See Note E. 
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derived by substituting the sum of the trapezoidal areas, AM, BN, 
--+, HIT, for the curvilinear area LAT; that is, by substituting 
the boundary made up of the chords AB, BC,---, HK, for the 
curved line Af. On adding the trapezoidal areas beginning at 
the left there is obtained, 


area =" (AL + BM) +h (BM + CN eee +5 (HS 4+ KT) 


=S(AL+2BM + 20N ++ +2 HS + KT) 
SAO (aaa bares Were Sh ask ia =) 


on writing merely the coefficients of the successive ordinates. 
This mode of writing will be used also in the rules which follow. 
The greater the number of parts into which ZT is divided, the 
nearer will the total area of the trapezoids be to the area required. 

If the equation of the curve is y= f(x), the axes being as in 
the figure, and OL =a, OT’ =b, the lengths of the successive 
ordinates beginning with LA are f(a), f(a+h), f(a+2h),--, 


—a 


f(b—h), f(b). If LT is divided into n equal parts, h =2—% and 
nN 


hence, approximately, 
b _b-a b-—a 
ff @) dec =F @ { f(a) + 2f(a+P—2 ) 


+2f(a+2O—O) 4... 4276—h)+F@)}- 


Ex. 1. Evaluate ite de by this method, taking unit intervals. 

By the given condition, h = 1; and hence, » = 10, The successive ordi- 
nates, since f(”)= «, are 0, 1, 4, 9, 16, 25, 36, 49, 64, 81, 100. Hence, 
approximately, 

(P02 de = 49 {0 + 100 + 20. + 4 +94 16 + 25 + 36 + 49 + 64 + 81)}; 

= 300. 
3710 
The true value of the integral is Bl , that is, 8831. Had the interval 
D 0 


0 to 10 been divided into more than 10 equal parts, the approximation to the 
true value would have been closer. 
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Ex. 2. Show that the approximate value obtained for the above integral, 
by making 20 equal intervals, is 3333. 


12 
Ex. 3. Show that the approximate value of f, logio% dz, unit intervals 
being taken, is 7.990231. 


86. The parabolic or Simpson’s* one-third rule. The parabolic 
rule for approximating to the value of the area LAKT is derived 
by substituting parabolic ares through ABC, CDE, ---, GHA, for 
the ares of the given curve passing through these points, the 
axes of the parabolas being vertical, and then summing the 
areas of the parabolic sections, LABCN, NCDEP, «.-., RGHKT, 


P 


Fie. 54, 


which are thus formed. A parabolic are, as ODE, will more 
nearly coincide with the given curve through CD#, than will 
the chords CD, DE. For the purposes of this rule, » the num- 
ber of equal parts into which Z7 is divided must be even, since 
a parabolic strip is substituted for each of the consecutive pairs 
of trapezoidal strips; for example, NCDEP for ND + DP. 

The area of one of the parabolic strips, say NCDEP will first 
be found. Through D draw C'E' parallel to the chord CE, and 
produce VC, PE to meet C'EH' in C’, EH". 


* Thomas Simpson (1710-1761). 


85-86. ] APPROXIMATE INTEGRATION 185 


The parabolic strip NCDEP= trapezoid NCEP + parabolic 
segment CDE. 

The parabolic segment CDE = two thirds of its circumscribing 
parallelogram CC'E'E. 

Hence, the parabolic strip 


NODEP = NP[3(NC + PE) + 2{QD —1(NC + PE)}] 


=2h(4NC+2QD+1PE) 


=S(e+4 QD + PE). 


Application of the latter formula to each of the parabolic strips 
in order beginning with the first on the left, and addition, gives, 
approximately, 


area DAKT =P +44 244424424440), 


in which merely the coefficients of the successive perpendiculars 
LA, MB,::-, TK are written. Asin the case of the trapezoidal 
rule, the greater the number of equal parts into which LT is 
divided, the more nearly equal will the area thus calculated be 
to the true area. 

If the equation of the curve AK is y=/f(#), and OL=a, 


ae Ate 


OT = b, and LT is divided into n parts, each equal to uy 

lengths of the successive ordinates, LA, MB, --- TK, are f(a), 

i(a 4 Ex *) f(a +2 bee “, -++, f(b). Hence, on calling these 
n 


n 
successive lengths, Yo, 1, Ya °** Yay 


{ S@a = 


thin t2ht sont 2+ 


ar 2 Yn—2 ar 4 Ym-1 ar Yn) 


186 INTEGRAL CALCULUS (Came 


For the sake of computation, this may be put in the form, 
2 b-ari 
[ fw) de =2. [Yo + Yn) +2 (yr + Ys +--+ Yn) 
a 3 n 2 
* 
EUS tg aes ae Yn—2) |. 


10 

Ex. 1. Evaluate , x* dx by this method, taking n = 10. 

Here, Yo, Yi; Ye, -**) Yio, are 0, 1, 81, 625, ---, 10,000, respectively ; and 
hence, approximately, 

ie d= 29 {10900 4 9(1481 4625-42401 4.6561) + (16 +256-+ 1296 +4096)} 
= 200014. 

The true value of the given integral is 20,000 ; thus the error is only 14 

in 20,000. 


12 
Ex. 2. Show that the value of F logio% dx calculated by this rule for 
n = 10, is 8.004704 (compare Ex, 3, Art. 85). 


A comparison between these two rules is given in the following 
quotation: f “The increase in accuracy (of the parabolic) over 
the trapezoidal rule is usually quite notable, unless the number 
of ordinates become large, in which case they both approximate 
more and more closely to the true value and to each other. Ina 


* Tf n be the number of equal intervals into which the range b—a is 
divided, the outside limit of error that the parabolic formula for integration 
can have, is 


te: i = 0) > f* (hr), 
2 90 n4# 


in which 2, is some value of % between a and 6, and fiv(@) denotes the 
fourth derivative of f(x”). The outside limit of error in the case of the 


trapezoidal rule is 
_ (=a)? oy 
Spe! (Lr), 

in which f’’(@) denotes the second derivative of f(w). If m is doubled, the 
limit of error is reduced, therefore, to ~; and 4 of its former amount. (See 
Boussinesq, Cours d’ Analyse, t. Il. 1, § 262, and Markoff, Differenzen- 
rechnung, § 14, pp. 57, 59.) 

+ This is from an article, entitled, ‘‘ New Rules for Approximate Integra- 
tion,’’ in the Kngineering News (N. Y.), January 18, 1894, by Professor W, 
F. Durand of Cornell University. 
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series of trials made by the author upon a number of integrals of 
various forms for the purpose of testing the relative accuracy of 
these rules, it was found for cases in which the locus was of single 
curvature only that the trapezoidal rule required about double the 
number of sections for equal accuracy with the parabolic rule. 
Where the locus involves several changes of curvature, as in 
lumpy and irregular curves, and the number of sections is moder- 
ate, one rule is as likely to be right as the other, and both are 
likely to be considerably in error. For a large number of sec- 
tions, however, the parabolic rule will show its superiority as 
above.” 


87. Durand’s rule. From a discussion * on the trapezoidal and 
parabolic rules, Professor Durand has deduced another rule for 
which “it seems not unfair to claim substantially the full prob- 
able accuracy of the parabolic rule, and practically the simplicity 
in use of the trapezoidal rule.” It is as follows, merely the co- 
efficients of the successive ordinates being written in order from 
the left: 


approximate area = h[,5,+43+14+1+ +. 414141384 4); 
or, approximately, 
area=A[.44+1.14+14+14 --- +1+4+1+4+1.1-+ .4]. 


The number of intervals may be even or odd. 


60° 
Ex. 1. Find the value of i; sin @d0 with 10° intervals. 
0 


The circular measure of 10° is .17453. The rule gives for the approximate 
value of the integral, 


f sin 6. d0 = .17453[.4(sin 0° + sin 60°) + 1.1(sin 10° + sin 50°) 
x + (sin 20° + sin 80° + sin 40°) ]= .5000075. 


60° i 160° ; 
Since the exact value of tt sin 0 d0 is [- cos 6 | , or .5, the difference 
0 0 
between the above approximate and the true values of this integral is not 
more than one part in 66,666. 


* In the article mentioned in the preceding footnote, 


188 INTEGRAL CALCULUS [Cu. XI. 
10 


Ex. 2. Show that f a? dx calculated by this rule with unit intervals gives 
0 


a difference of one part in 3338. 


12 
Ex. 3. Show that (¢ logio# calculated by this rule with unit intervals is 


8.004062. (Compare with Ex, 3, Art. 85, and Ex. 2, Art. 86.) 


88. The planimeter. Attention has been drawn to the fact that 
the value of a definite integral is also the value of a certain plane 
area, and that, consequently, the measurement of the area is 
equivalent to the evaluation of the integral. In Arts. 85, 86, 87, 
rules are given for approximately determining plane areas, and 
other rules therefor are giveninthe Appendix.* These areas can 
be measured exactly by instruments called mechanical integrators 
or planimeters. A planimeter measures the area of any plane 
figure by the passage of a tracer round about the perimeter of the 
figure, the readings being given by a self-recording apparatus. 
There are several kinds of planimeters, but they all have certain 
fundamental properties in common. The first planimeter was 
invented by the Bavarian engineer, J. M. Hermann, in 1814. 
Amsler’s polar planimeter, which was invented by Jacob Amsler 
when a student at Konigsberg in 1854, is the most popular on 
account of its simplicity and handiness in use. Thousands of 
them have been made at his works in Schaffhausen. 

The Amsler planimeter is shown in Fig. 55. It consists of two 
bars, (a) the radius bar, and (0) the pole arm, jointed at the point 
C. The tracing point P, which now coincides with the point B 
of the figure ABD, is carried round the curve, and the roller m, 
which partly rolls and partly shops, gives the area of the figure; 
and by means of the graduated dial h, and the vernier v in con- 
nection with the roller m, the resuit is given correctly in four 
figures. The sleeve H can be placed in different positions along 
the pole-arm 0, and fixed by a screw s so as to give readings in 
different required units. A weight at wis placed upon the bar to 


* See Note E. 
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keep the needle point in its place, but in instruments by some 
other makers 7’is a pivot in a much larger weight, which rests 
on the paper. The accuracy of the reading depends upon the 
accuracy with which the tracing point follows the curve.* 


Fia. 55. 


Professor O. Henrici’s Report on Planimeters (Report of the British 
Association for the Advancement of Science, 1894, pp. 496-523) contains 
a sketch of the history of planimeters, the geometrical theory of gener- 
ating areas, descriptions of early planimeters, a discussion on Amsler’s 
planimeter, and a description of some recent planimeters. Professor H. S. 
Hele Shaw’s paper on Mechanical Integrators (Proceedings of the Institution 
of Civil Engineers, Vol. 82, 1885, pp. 75-143) gives an account of the theory 
and the practical advantages of several varieties of planimeters. The descrip- 
tion given above is from this paper. An explanation of the theory of 
Amsler’s planimeter is given by Mr. J. MacFarlane Gray in Carr’s Synopsis 
of Mathematics. There is a discussion on planimeters in Professor R. C. 
Carpenter’s Text-book of Experimental Engineering, pp. 24-49. 


* For the fundamental theory of the planimeter, see Note F, Appendix, 


CHAPTER XII 
INTEGRAL CURVES 


89. Introduction. A first integral curve was defined in Art. 15. 
The student is advised to review that article thoroughly before 
proceeding further. In this chapter the subject of integral curves 
will be studied more fully, and some of their applications to 
mechanics will be pointed out. Differentiation under the sign of 
integration is an important topic in the integral calculus. Only 
a very special case, however, is necessary in what follows: this 
case is considered in Art. 90. Arts. 92, 93, 94, contain an 
exposition of the simpler properties of integral curves and a few 
examples of their usefulness. Their applications are of especial 
value to the student of engineering. For the proper understand- 
ing of several of them, a better acquaintance with the theorems 
of mechanics is required than some readers of the calculus may 
be presumed to have at this stage. Accordingly, a further expo- 
sition of the service that may be rendered by these curves is 
given in the Appendix for purposes of future reference. Articles 
94, 95, discuss the practical plotting of integral curves.* 


90. Special case of differentiation under the sign of integration. 
A special case of differentiation under the sign of integration 


* Arts. 91-95 and the related matter in the Appendix are taken with some 
slight but no essential change, from an article entitled Integral Curves, 
by Professor W. F. Durand, Principal of the Graduate School of Marine 
Engineering and Naval Architecture, Cornell University. The article, which 
appeared in the Sibley Journal of Engineering, January, 1897, is practi- 
cally all reproduced here. ‘This chapter has also had the benefit of Professor 
Durand’s revision. 
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with respect to one of the limits which is also involved in the 
function under the sign will be considered. Let 


ie fe — a)" f(a) de. (1) 


The differential coefficient a will be derived by the funda- 
a 


mental method employed in differentiation, namely, by giving an 
increment to the variable, in this case b, then finding the cor- 
responding increment in J, and finally obtaining the ratio of 
these two increments when the increment of b approaches zero. 
Suppose that & receives an increment Ad, then from (1) 


ioe f "(b+ Ab — a)" f (0) de. 
Hence 
Wes f H+ Ab — 0)" f(a) de — f "(b — «)" f(a) de; 
whence, by Art. 7 (b), 
es if) "(b+ Ab — a)" f(w) dae + af (b+ Ab =) fe) da 
— [= ays @)aw= ["[ b+ ab — a" — bay FQ) dn 
+f G+ Ab—ay"f@) de. 
From this, by Art. 7 (0), 
AL afi Tb + Ab — 2)" — (b — a)"] f(a) dw 


+ Absb + Ab —(6+ 6-Ab)i" f(b + 6- Ad), 
in which <1. 
Hence, remarking that Ab is independent of a, and can there- 
fore be put under the integration sign, 


AT (°[(+Ab—2x)"—(6—2)"] » . ie X ; 
is, ee een ae na ee 6) Abi" f(b + 60+ Ab) 
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Therefore, letting Ab approach zero, 
= = “e- we)" f (ce) dw. (2) 


This result will be required in Art. 93. 


91. Integral curves defined. Their analytical relations. A more 
general definition of an integral curve than that given in Art. 15 
will now be introduced. In what follows, a number of curves 
will be spoken of together. In order to distinguish between 
them, the system of ordinates, that is, the y’s, for each of the 
several curves will be denoted by a subscript number. 


The y=f(2), 


or, for the sake of distinction, 


= f(2) (1) 


be the equation of a given curve, the curve whose equation is 


16 
a Al Yo x (2) 


is called a first integral curve of the curve whose equation is (1). 
The latter is called the fundamental curve. Since "y dx is of 
the second dimension, and y, should be linear, the cone factor 
L is introduced in (2), in which ais a linear quantity and has a 
Pate that will make equation (2) convenient for plotting. 
It may be called a scale factor. In the definition in Art. 15 the 


scale factor was unity. 
From (2) on differentiation, 


Hence, as x varies, the slopes of the first integral curve vary as 
the ordinates of the fundamental; and therefore the former can 
be represented by the latter, and vice versa. 
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The first integral curve (2) also has a first integral, the latter 
has a first integrai, and so on. These successive integral curves 
are called the second, third, etc., integral curves of the original or 
fundamental curve. On using the constant linear quantities, }, 
¢, +++ w, as scale factors for the sake of plotting the curves con- 
veniently, and on distinguishing by different subscripts the ordi- 
nates that belong to the various curves, the latter will have the 
following equations : 


Fundamental, y = f (a) ; (1) 
first integral, y= . “f “Yo da; (2) 
0 
5 if! Ee 1 x x 5 
second integral, y, = =f y, dae = — f Yo dar ; (3) 
b+ ab) J 


ao il Lee all x x x 

l =) vd =-— (f(t dee; 4 
third integral, ys a), Yn da aie aa): Yo 12? ; (4) 
nth integral curve, 


il x il elole let 2s 
a i= +s da”. 5 
“inate re pees (5) 
From equation (2) 


dy, a! 
hie 0) 


Yo’ (6) 


d. 1 
from (3) 2 = pth =." Yo Ax ; 
= 


1% 
and hence, ee 


dx ab Yor (7) 


And in general, 
d"y if 
n : 8 
du" abe». w” co) 
Equation (8) shows that as # varies, the nth derivatives of the 
nth integral curve vary as the ordinates of the fundamental 


curve; and therefore, the former can be represented by the latter. 
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92. Simple geometrical relations of integral curves. In Fig. 56 
RP, OA, OB, OC, represent the fundamental, and the first, 
second, and third integral curves respectively, whose equations 
are (1), (2), (3), (4), of Art. 91. 


(a) As & increases, and so long as the fundamental curve RP 
lies above the a-axis, the ordinates of the first integral O.A will .~ 
increase, and the tangent to OA will make a positive. angle with 
the w-axis; when RP lies below the a-axis the tangent to OA 
makes a negative angle with the waxis; when RP crosses the 
x-axis, the tangent to OA is parallel to the a-axis. These prop- 
erties follow from equations (2) and (6), Art. 91. 

(b) At points for which the ordinate of the first integral curve 
is a maximum or a minimum, 


dy, _ 
dx = 93 
and there also, by (6), =O; 


Hence, to a zero value of the ordinate of the fundamental there 
corresponds a maximum or a minimum value of an ordinate of 
the first integral curve. 
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(c) At points where an ordinate of the fundamental is a maxi 
mum or a minimum, 
dy 
dn = "3 
and at points where the first integral curve has a point of in- 
flexion, 


Hence, to a point on the fundamental at which there is a 
maximum or a minimum value of the ordinate, there corresponds 
a point of inflexion on the first integral curve. 


93. Simple mechanical relations and applications of integral 
curves. Successive moments of an area about a line. If each in- 
finitesimal portion of a plane area be multiplied by its distance 
from a given line, the sum of all these products is called the 
moment of first degree of the area about the line. If each of the 
infinitesimal portions of the area be multiplied by the square of 
its distance from the given line, the sum of all the products is 
called the moment of second degree of the area with respect to the 
line. The latter is the moment of inertia of the area about 
the line, examples of which were shown in Art. 80. The moment 
of first degree is usually called the statical moment. In general, 
if each infinitesimal portion of an area be multiplied by the nth 
power of its distance from a given line, the sum of all these 
products is called the moment of the nth degree of the area about 
the line. For the sake of brevity, this may be called the nth 
moment. 

Thus (Fig. 56), lay off OX =a, and erect the ordinate AP at 


X, and consider ( "Us dw, the area ORPX, between the funda- 
0 
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mental, the axes, and the ordinate AP. If the successive moments 
of this area be taken about the ordinate AP for which # = a, and 
these moments be denoted by 1, M,, ---, M,, in order, then 


the first moment, M, ={"@ — x)y dx; (1) 
0 

the second moment, M, Sif tee — «)°y dx; (2) 
0 

the nth moment, M, =| (a, — x)"y da. (3) 
0 

In this notation, My = i “(any — «)°y da, 

0 

= f “‘y de, the area. (4) 
0 


(a) Differentiation of (3) with respect to 2, will give by equa- 
tion (2), Art. 90, 


aM, 1 
a =n} (#,—2x)"yda; 
that is, a Sle (5) 
ey 
Hence, M,, = f "MM. _. day. 
0 


Since da, is an infinitesimal distance along the w-axis, it can be 
written dx, and hence 


M, =n) M,.de. (6) 
By successive application of (6) there will finally be obtained, 


M,=n1 fi “fmf Moda (7) 
0 0 a/0 


That is, the nth moment of the area ORPX about an ordinate 
distant #, from the origin is equal to factorial n times the nth 
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integral of the moment of degree zero for the same area. On 
substituting for M) in (7) its value from (4), there is obtained, 


M, eo If fe aie d cial 
mt) ff | Kae) (8) 


Hence, the value of the nth moment of the area of y=f(w) 
above described about an ordinate distant x, from the origin, is 
equal to factorial n times the ordinate of the (n+ 1)th integral 
curve at «=; and, therefore, the nth moment may be repre- 
sented by this ordinate. On using Y,,,, to denote the ordinate of 
the (n + 1)th integral curve at « = a, this may be expressed by 


i) en ho ae 


In particular, the statical moment (1) is represented by the 
corresponding ordinate of the second integral curve, and the mo- 
ment of inertia (2) by twice the corresponding ordinate of the 
third integral curve. Thus in Fig. 56, 


the area OR PX is represented by AX; 
its statical moment about AP is represented by BX; 
and its moment of inertia about AP by 2 CX. 


Suppose that the scale factors used in plotting the three inte- 
gral curves, each from the one of next lower order, are a, 8, ¢, 
respectively, as indicated in equations (2), (3), (4), Art. 91. 
Then, 

area ORPX=a- AX; 
the statical moment of ORPX about AP=ab- BX; 
the moment of inertia of ORPX about AP = 2 abe - CX. 


(b) If G is the center of mass (or center of gravity) of ORPX, 
its distance HX from AP, by Art. 79, is determined thus: 


an chee _ Mh _ aby, _ » BX | 
fue My MH AX 
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(c) If k is the radius of gyration of the area ORPX about 
AP, then by (Art. 80), 


_ Moment of Inertia about AP _ 2 abcys _ CX 


i? 2 be 
Area ay, AX 


For further applications to mechanics, and some general re- 
marks on the use of these curves in engineering problems, see 
Appendix. The reader is recommended to glance at the latter 
remarks now. 


94. Practical determination of an integral curve from its funda- 
mental curve. The integraph. Suppose that the equation of the 
fundamental curve is y=/f(«). The ordinates of the first integral 
curve that correspond to successive values 2, Xy +++) Ly Of the 


abscissas are 
1 a | a} ane 1 rn 
ah y da, af Y Aa, +, a I y da, 


respectively. These may be determined by the ordinary rules 
for integration when the functions under the sign of integration 
are integrable. If the latter condition does not hold, recourse 
can be had to some of the various methods of mechanical and 
approximate integration described in Arts. 85-88. It will be 
necessary to do this also, when the fundamental has been plotted 
merely from a knowledge of the ordinates that correspond to 
particular abscissas, the equation of the curve being unknown. 
For example, in Fig. 57, the area of each successive section 
between the ordinates of the fundamental may be found with a 
planimeter, and the ordinates of the integral curve, which is 
shown by the dotted line, may be found by successive additions. 
As an instrumental check, it is well from time to time to go 
around the entire area between the y-axis and the ordinate in 
question, and compare the result with the total area summed to 
that point. Numerical means of integration may also be em- 
ployed. The trapezoidal rule and the parabolic rule can be 
readily used for finding successive increments of area in the case 
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of the fundamental, and hence for finding successive increments 
of the ordinates of the first integral curve. 

In whatever way the integral curve may be derived from the 
fundamental, it is well, after plotting, to compare the two and 
note the fulfilment of the simple geometrical relations, (a), (b), 


St iy | 
Ne 
’ | 
=> Bees [I 
A, SS yee SNS 
3 va Sl La 4 | 
\v nS ZG 

2 Z| 

7 

Yi 
1 + 


(i a al al ol ia 


Fia. 57. 


(c), of Art. 92. Thus, one should look for a maximum or a mini- 
mum ordinate in the integral corresponding to every zero ordinate 
in the fundamental, and for a point of inflexion in the integral 
for each maximum or minimum in the fundamental. The tan- 
gent of the integral varies with the ordinate of the fundamental, 
and hence, the slope of the integral should increase or decrease 
when the ordinate of the fundamental increases or decreases. 
These relations may be noted in the curves in Figs. 56, 57. 
The integraph is an instrument that is used for drawing the 
first integral curve from its fundamental. The theory of it is 
given in the Appendix (Note G). It may be used also for 
determining the area between a curve and the a-axis. For the 
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integral curve can be drawn with the integraph, and the ordinate 
corresponding to the area can be measured. Since the length 
of the ordinate represents the area, the latter can be found 
immediately on making allowance for the scale-factor 


95. The determination of scales. Inorder to have the various 
curves convenient for plotting, it is usually necessary to employ 
different scales for the ordinates. If numerical integration is 
used, the value of the area of the fundamental will be found 
directly, and the scale may be correspondingly selected so that 
the curve will be kept within the desired limits as to size. If 
the planimeter is used, the result will be given in square inches 
or other area units, and must be converted into the value desired 
by the use of a scale factor. Suppose the fundamental plotted 
as follows: 


horizontally 1 unit of length = p units of abscissa, 
vertically 1 unit of length = gq units of ordinates. 


Then 1 unit of area on the diagram will represent pq units of 
the integrated function, and the area found must be multiplied 
by this factor in order to reduce it to the value of the integral 
desired. The scale factors a, b, c, etc., may then be chosen as 
before. 


* See Note G. 


CHAPTER XIIt 
ORDINARY DIFFERENTIAL EQUATIONS 


96. Differential equation, order, degree. A few differential 
equations which frequently appear in practical work will now 
be discussed very briefly.* 

A differential equation is an equation that involves differentials 
or differential coefficients. Ordinary differential equations are 
those which contain only one independent variable. For example, 


dy = cos x da, (1) 
dy 
jen? (2) 
{ 1 +(3) 3 
k= oct reas (8) 
dx? 
dy @ 
ey oe 4 
I= oe i‘ dy @) 
dx 
d: dy 
(y+ oP +22 — (y +a) =0, (5) 


are ordinary differential equations. 

The order of a differential equation is the order of the highest 
derivative that appears in it. The degree of a differential equa- 
tion is the degree of the highest derivative when the equation is 


* For fuller explanations than are given here, reference may be made to 
Introductory Course in Differential Equations, by D. A. Murray. (Long- 
mans, Green, & Co.) 
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free from radicals and fractions. Of the examples above, (1) is 
of the first order and first degree, (2) is of the second order and 
first degree, (3) is of the second order and second degree, (4) is 
of the first order and second degree, (5) is of the first order and 
first degree. Differential equations of a very simple kind have 
already been considered. 


97. Constants of integration. General and particular solutions. 
Derivation of a differential equation. If a relation between the 
variables together with the derivatives obtained therefrom satis- 
fies a differential equation, the relation is called a solution or 
integral of the differential equation. For example, 


y= msin 2, (1) 
¥y = NCOs a, (2) 
y = Acosx+ Bsing, (3) 
y = csin (# +a), (4) 


in which m, n, A, B, ¢, a, are arbitrary constants, are all solutions 
of the equation 


ay _ 
aan (5) . 

This may be verified by substitution. It will be observed that 
(5) does not contain m,n, A, B, c, or a. The solutions of the 
differential equations of the first order which have appeared in 
the former part of this book contain one constant of integration ; 
those of the second order contain two constants. Examples have 
been given in Arts. 8, 9, 12, 59, ete. 

Solutions (1) and (2) above contain one arbitrary constant, and 
solutions (8) and (4) each contain two. The question is sug- 
gested: How many arbitrary constants should the most general 
solution of a differential equation contain? The answer can in 
part be inferred from a consideration of one of the ways in which 
a differential equation may arise, namely, by the elimination of 
constants. On comparing (3) and (5) it is seen that (5) must 
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have been derived from (3) by the elimination of the two con- 
stants A and B. In order to eliminate two quantities, three 
equations are necessary. One of these is given, and the others 
can be obtained by successive differentiation. Thus, 


y= Acosa+ Bsinga, 


dy __ Asine + Beoss, 


da 
2, 
CY —— Acose— Bsina; 
2, 
whence, ot. y=). 


In order to eliminate three constants from a given equation, 
four equations are required. Of these, one is given and the 
remaining three can be obtained only by successive differentia- 
tion. The third differentiation will introduce a differential coefti- 
cient of the third order, which accordingly will appear in the 
differential equation that is formed by the elimination of the three 
constants. In general, if an integral relation contains » arbitrary 
constants, these constants can be eliminated by means of n +1 
equations. The latter consist of the given equation and 1 rela- 
tions obtained by n successive differentiations. The nth differ- 
entiation introduces a differential coefficient of the nth order, 
which will accordingly appear in the differential equation that 
arises on the elimination of the constants. The solution of an 
equation of the nth order cannot contain more than n constants; 
for if it had n +1, their elimination would lead to the equation 
of the n+ 1th order.* 

The solution that contains a number of arbitrary constants 
equal to the order of the equation is called the general solution or 
the complete integral. Solutions obtained therefrom by giving 


* For a proof that the general solution of a differential equation contains 
exactly n arbitrary constants, see Introductory Course in Differential Equa- 
tions, Art. 8 and Note C, Appendix. 
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particular values to the constants are called particular solutions. 
For example, (8) and (4) are general solutions of (5), and 


y=2cosx+3sine, y=5cosx—sina, y=2Zsin(«+7), 
y=8sin(2—), 
6 


Ex. 1. Eliminate the arbitrary constants m and ¢ from 


GQ) y=met+e. 


are particular solutions. 


Differentiating twice, (2) a =™M, 


@) $ a2 oY = 


These equations may be interpreted geometrically. If m,c, are both 
arbitrary, (1) is the equation of any straight line ; and, therefore, (8) is the 
differential equation of all straight lines. If ¢ is arbitrary and m has a definite 
value, (1) is the equation of any line that has the slope m, and, accordingly, 
(2) is the differential equation of all the straight lines that have the slope m. 


Ex. 2. Find the differential equation of all circles of radius 7. 
The equation of any circle of radius r is 


@— a) +(y— d=, 


in which a, 6, the codrdinates of the center, are arbitrary. The elimination 


of a and 6 gives 
dy 2 a 3 » &Y 
1 Oe 
{ © Ge ary 


Ex. 3. If y= Ax? + B, prove that oe EY _Y —9, 
Che hy 


the equation required. 


Ex. 4. Eliminate c from y = cz + ¢ — ¢3. 


Ex. 5. Form the differential equation of which e% + 2 cvey + c? = 0 is the 
complete integral. 


Ex. 6. Eliminate the constants from y = ax + b2?. 


Ex. 7. Form the differential equation which has y = a cos (ma + b) for 
its complete integral, a and b being arbitrary constants. 
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Section I. Equations oF THE First ORDER AND THE First 
DEGREE. 


98. Equations in which the variables are easily separable. 


If an equation is in the form 
Ai) da + Ay) dy = 0, 
its solution, obtainable at once by integration, is 
if ila) da + f. TAY) dy =e. 


Some equations can easily be put in this form. 


Ex. 1. Solve (1 —a)dy—-—(1+y)de=0. 


GM OS 
ESE 


This may be written, 


This step is called ‘‘ separation of the variables.”’ 
Integrating, log (1 + y) +log(l—“) =a, 
or, Gd4+y0—%#) =e1=c. 


1-¥ 
1— 2 


=0. 


Ex. 2. Solve dy \ 
dx 


Ex. 3. Solve 3e* tany dx +(1 — e*) sec? y dy = 0. 


99. Equations homogeneous in wand y. If an equation is homo- 
geneous in # and y, the substitution 


Y = UX 
will give a differential equation in v and # in which the variables 


are easily separable. 


Ex. 1. Solve (a? + y*)du — 2aydy =0. 


: ly “+ y? 
o iby ele eee 
Rearranging, (1) 7 ep 
On putting Yy = V4, 
dy =v+ 2, 


dx dx 
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Substitution of these values in (1) gives 


dv _1+ 
ve+e—= . 
dia 20 
Separating the variables, OED oy, 
x 1—v 
Integrating, log x(1 — v?)= loge; 
that is, log «(1 —£) = loge; 
we 
whence, e—y=ce. 


Ex. 2. Solve y? dx + (ay + x?) dy =0. 
Ex. 3. Solve «?y dx — (a3 + y) dy = 0. 


Ex. 4. Show that the non-homogeneous equation of the first degree in % 
and y 
dy_ ax+by+e 


dx ala+bly+cl 


is made homogeneous, and therefore integrable, by the substitution 


t=m+h, yanth, 
h, & being solutions of ah+bk+c=0, 
ah+b'k +c! =0. 
100. Exact differential equations. An exact differential equa- 


tion is one that is formed by equating an exact differential to 
zero. It follows from Art. 24 that 


is an exact differential equation if 


aM _ ON 
Oy Ox 
Ex. 1. Solve (a? —2ay — y?) dw — (a + y)2dy =0. 
Ex. 2. Solve (a? —4 ay —2y”) dx + (y* —4ay — 2x7) dy =0. 


Ex. 3. Solve (2a2y + 443 — 12 xy? + 3 y? — wer 4+- €?”) dy 
+ (12 ay 4+ 2ay? + 403 —4y3 + 2 ye — ev) dx =0. 
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101. Equations made exact by means of integrating factors. ‘The 


differential equation 
ydx —xdy=0 


is not exact. Multiplication by o gives 
u) 


y dx — x dy 
eer 


See . . ae 
This is exact, and its solution is -=c, or w= cy. 
y 


When multiplied by A, the first equation becomes 
vy 


de _dy 9 
« y 
which is also exact. The solution is 


log « — log y = log ¢, 
x 
whence, fe C, OF 4 = CH. 


Another factor that will make the given equation exact is 
eS Any factor such as a an i employed above, which changes 
cig A ay a 


an equation into an exact differential equation, is called an 
integrating factor. It can be shown that the number of integrat- 
ing factors is infinite. There are several rules for finding 
integrating factors. In the following examples, the necessary 
integrating factor can be found by inspection. 

Ex. 1. Solve ydv — xdy + loguda =0. 

Here, logad« is integrable, but a factor is needed for yda — a dy. 
Obviously 4 is the factor to be employed, as it will not affect the third ae 
injuriously eo the point of view of integration. On multiplication by = = 
the given equation becomes 


y dx — «dy 4 loge _ 0. 
x xe 
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The solution of this equation reduces to 
ca +y —logzu—1=0. 
Ex. 2. a(xdy + 2y dx) = xy dy. 
Ex. 8. (@+y?+ 1) dx —2aydy =0. 
Ex. 4. (ae — 2 my?) dx +2maydy=0. 


102. Linear equations. If the dependent variable and its de- 
rivative appear only in the first degree in a differential equation, 
the latter is said to be linear. The form of the linear equation 
of the first order is 


—- -- Py = @ 1 
] y ) (1) 


in which P and Q are functions of a, or constants. The linear 
equation occurs very frequently. The solution of 


dy 

—+t Py=0 

ie une ? 

ren enoe = eee 

is y= een BE Or yer Pu — ¢, 


On differentiation the latter form gives 
el PC dy + Py dx) = 0, 
which shows that eee is an integrating factor of (1). 


Multiplication of (1) by this factor gives 


At P™ (dy + Py dx) = eo) dat; 


and this, on integration, gives 
oe ak fe" Qdz+<, 


or y= ot eno da + cl. (2) 
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The latter can be used as a formula for obtaining the value 
of y in a linear equation of the form (1). 


Ex. 1. Solve oY one 
dx 


This is linear since y and ae appear only in the first degree. On putting 
dx 


it in the ordinary form (1), it becomes 


m= Mes 
dz & 
1 ; ; a ted aa | 
Here P= —-, and hence, the integrating factor e Ces a Cue 
a x 


By using this factor, and adopting the differential form, the equation is 
changed into 
lay —tyde = ade. 
x ee 


Integrating, t= 5 +c¢, ory = 50° + CH. 


Ex. 2. Solve dy +y=e™. 
dx 


Ex. 3. Solve dy 4e Benes =1. 
dx hi 


dy EDD 9 ae Le 
ie + it (a? + 1)8 


Ex. 4. Solve 


OP EME a 
Ex. 5. Solve ~+-y=—: 
pe olve ee ss 


103. Equations reducible to the linear form. Sometimes equa- 
tions that are not linear can be reduced to the linear form. One 
type of such equations is 


Wy | py = Qy"; 
dae 


in which P, Q, are functions of #, and m is any constant. Divi 
sion by y" and multiplication by (— n 4-1) gives 


(—n+ Lye (<n +1) Py =(—n+1)Q 
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On substituting v for y~"t1, this reduces to 
a + (Ln) Po= (1—n)Q, 
which is linear in v. 
Gp 
Ex. 1. lve =4 + =y = 428, 
x Solve ae + al uy! 


Division by y® gives y-6 dy as 1 


oD aes 
dx 4 


On putting v for y-, this takes the linear form 


com Die: =i 
dx 2 
The solution is y=y >= ca + 303, 


ae 
3 


Ex. 2. Solve oe L428 3) = = 30245. 


dy, xy 3B 
Ex. 8. Solve = xy". 
see 


Ex. 4. Solve a os as 
% + 1 ~ yp 


Ex. 5. Show that the equation 
SG 
PyY{+ PM=2 
da 


in which P, Q, are functions of x, becomes linear on the substitution of v 


for f(y). 


Section II. Equations oF THE First ORDER BUT NOT OF 
THE Errst DEGREE. 


104. Equations that can be ay into component equations of 
the first degree. In what follows, “ _ / will be denoted by p. The 
dx 
type of the equation of the first order and nth degree is 
ip (a, Y) Pp) =0, 
which on expansion becomes 


p° Ppt + Pip*? +... + Poip+ Py =0. (1) 
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Suppose that the first member of (1) can be resolved into 
rational factors of the first degree so that (1) takes the form, 


(p — Bi) (p — Ba) (p— R,) =0. 2) 

Equation (1) is satisfied by any values of y that will make a 

factor of the first member of (2) equal to zero. Therefore, in 

order to obtain the solutions of (1), equate each of the factors 

in (2) to zero, and find the integrals of the m equations thus 
formed. Suppose that the solutions derived from (2) are 


Ai@ Ys Cy) = 0, Sa (&, Ys Co) = 0, ae Fn (2, Y; C,) = 0, 
in which ¢, ¢, +++, ¢,, are arbitrary constants of integration. These 
solutions are just as general if c, = c,=--- =c¢,, since each of the 
e’s can take any one of aninfinite number of values. The solu- 
tions will then be written 


A, Y, = 0, f(a, Y, 0+) = Oy. 2s; In (@; Y, ©) =0, 
or simply, ii(a, Y) C) fo (a, Y, c) on (a, Y, C= 0. 


Ex. 1. Solve ($4) +@ +y) dy + ay =0. 
da dx 


This equation can be written (p+ Y)(p + %)=0. 
The component equations are pty=0, p+x=0, 
of which the solutions are logy+ta+e=0, 2y+0?7+2c=0. 
The combined solution is dogy+a+c)(2y+a2+2c)=0. 


yy \8 
Ex. 2. Solve Ga) SS Ex. 3. Solve p3 + 2 xp? — yp? — 2 xy2p = 0. 


105. Equations solvable for y. When equation (1), Art. 104, 
cannot be resolved into component equations, it may be solvable 


for y. In this case, 
S(@, yp) =9 


can be put in the form y= EE, p). 


Differentiation with respect to x gives 


d 
jE p (« P; in 
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which is an equation in two variables # and p. From this it may 
be possible to deduce a relation 


y(a, p, ¢) =0. 

The elimination of p between the latter and the original equa- 
tion gives a relation that involves 2, y,c. This is the solution 
required. If the elimination of p is not easily practicable, the 
values of « and y in terms of p as a parameter can be found, and 
these together will constitute the solution. 


» Ex. 1. Solve x — yp = ap?. 


ap? 
Here Ve pee bd 
P 
Differentiating with respect to x, and clearing of fractions, 
dp 
2 es — 72 
(ap? + 2)? =p —p*). 


This can be put in the linear form 


dae 1 ee 
dp= pep) = rap 
Solving, v= —?— (¢ + asin-p). 
V1 —p? 
Substituting in the value of y above, 
y=—apt : (¢ + asin“ p). 
V1 — 


Ex. 2. Solve 4y = 2? 4+ p% 
Ex. 3. Solvey=2p+3p% 


106. Equations solvable for a. In this case f(a, y, p) can be 
put in the form 
a= FY, p). 


Differentiation with respect to -y gives 


trom which a relation between p and y may sometimes be obtained, 


say, SOP =U 
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Between this and the given equation p may be eliminated, or x 
and y may be expressed in terms of p as in the last article. 

Ex. 1. Solvex=y+alogp. 

Ex. 2. Solve «(1 + p?)=1. 


107. Clairaut’s equation. Any differential equation of the first 
order which is in the first degree in w and y comes under the 
cases discussed in Arts. 105, 106. An important equation of this 
kind is that of Clairaut.* It has the form 

y = px + f(p). (1) 

Differentiation with respect to w gives 


p=pt ix +F(p) 12. 


From this, 
av CD) = 0, (2) 
d 
or, oi =()) (3) 


From the latter equation it follows that p=c. Substitution of 
this value in the given equation shows that 
y= ou + f(C) (4) 
is the general solution. See Introductory course in differential 
equations, Art. 28, for remark on equation (2). Some equations 
are reducible to Clairaut’s form, for instance, Ex. 2 below. 
Solution (4) represents a family of straight lines. The en- 
velope of this family of lines will also satisfy the differential 
equation, since a, y, p, at any point on the envelope is identical 
with the a, y, p of some point on one of the tangent lines of which 
(4) is the equation. The equation of the envelope of (4) is called 
the singular solution of (1). Singular solutions are discussed in 
Chapter IV. of the work referred to above. 


* Alexis Claude Clairaut (1713-1765) was the first person who had the 
idea of aiding the integration of differential equations by differentiating 
them. He applied it to the equation that now bears his name, and published 


the method in 1734. 
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Ex. 1. Solve y= pe+avl1 + p?. 
The general solution, obtained by the substitution of ¢ for p, is 
y= ce + avi + &, 
which represents a family of lines. ‘The envelope of this family is the circle 
2 + y2 = a2, 


The latter equation is the singular solution. 


Ex. 2. 2?(y — px) = yp. 
On putting 4 = wu, y2 =v, the equation becomes 
dv ao\? 
= uw — —— 
ee du . a ‘ 
which is Clairaut’s form. The solution is 
v= cu + c, 
that is, y? = cx? + C2, 
Ex. 38. y=px+sin—!p, 
Ex. 4. py=p’x+m. 
Ex. 5. vy? = pyx? + x + py. 


108. Geometrical applications. Orthogonal trajectories. A curve 
is often defined by some property whose expression takes the 
form of a differential equation. In the examples given below the 
differential equations of the curves are of a less simple character 
than those which appeared in similar problems in Arts. 8, 12, 32. 

Problems that relate to orthogonal trajectories are of consider- 
able importance. Suppose that there is a singly infinite system 
of curves 

St (@, Ys a) = 0, (1) 
in which @ is a variable parameter. The curves which cut all the 
curves of the given system at right angles are called orthogonal 
trajectories of the system. ‘The elimination of a from (1) gives 
an equation of the form 


dy\\ 
+( nt) = @) 
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the differential equation of the given family of curves. If two 
curves cut at right angles, and if 4), $2, be the angles which the 
tangents at the intersection make with the axis of a, then 


oi = G2 + 3 
and therefore, tan ¢; = — cot dx. 


Hence, 2Y for one curve is the same as — for the other. 
dx dy 
dx 
Therefore, the differential equation of the system of orthogonal 
trajectories is obtained by substituting 


in equation (2). This gives 
d 
$ (3 Y -2)\= 0. 
Integration will give the equation in the ordinary form. 
Suppose that i Ce ONE BM. 


is the equation of the given family in polar codrdinates,.and that 
d , 
A (* 6, 2 24 (3) 


is the corresponding differential equation obtained by the elimina- 
tion of the arbitrary constant c. Let yy, y., denote the angles 
which the tangents to one of the original curves and a trajectory 
at their point of intersection make with the radius vector to the 


point. Then 
tan yy, = — Cot Yo. 


Now tan hard. Hence the differential equation of the 
dr 


required family of trajectories is obtained by substituting 
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that is, al AO 


in (8). This gives a( 0, — a) 
as the differential equation of the orthogonal system. 


Ex. 1. Find the orthogonal system of the family of parabolas 


y2=4an. 
Differentiating, yt aa TG 
da 
and eliminating a, y= 2 ed. 
dx 


This is the differential equation of the given family. Substitution of 


dae for dy 
dy dx 
gives y=—2 oF 


the differential equation of the family of trajectories. Integration gives 
y? + 207 = 0, 


the equation of a family of ellipses whose foci are on the y-axis, and whose 
centers are at the origin. 


Ex. 2. Find the orthogonal trajectories of the cardioids 


r = a(1 — cos @). 


Differentiating, ar _ asin é. 
dé 

Elimination of @ gives di r cot e 
dé 2 


the differential equation of the given family of curves. Therefore, the equa- 
tion of the system of trajectories is 


—f a = cot g 
dr 2 
Integration gives r=c(1 + cos8), 


another system of cardioids. 
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Ex. 8. Find the curve in which the perpendicular upon a tangent from 
the foot of the ordinate of the point of contact is constant and equal to a, 
determining the constant of integration in such a manner that the curve shall 
cut the axis of y at right angles. 


Ex. 4. Find the curve whose tangents cut off intercepts from the axes the 
sum of which is constant. 


Ex. 5. Find the curve in which the perpendicular from the origin upon 
any tangent is of constant length a. 


Ex. 6. Find the curve in which the perpendicular from the origin upon 
the tangent is equal to the abscissa of the point of contact. 


Ex. 7. Find the orthogonal trajectories of the straight lines y = cx. 


Ex. 8. Find the curves orthogonal to the circles that touch the y-axis at 
the origin. 


Ex. 9. Find the orthogonal trajectories of the family of hyperbolas 


ry = ke. 
Ex. 10. Find the orthogonal trajectories of the ellipses 
Dia Ue ag 
a a5 a ee 


in which ) is arbitrary. 


Ex. 11. Show that the system of confocal and coaxial parabolas 
y? = 4a(a + a) is self-orthogonal. 


Ex. 12. Find the orthogonal trajectories of the system of circles 


7 = CCosd, 
which pass through the origin and have their centers on the initial line. 


Ex. 13. Find the orthogonal trajectories of the system of curves 
rsin nd = a”. 
Ex. 14. Find the equation of the system of orthogonal trajectories of the 


2a 


family of confocal and coaxial parabolas r = —_———_-. 
1+ cos 0 


Ex. 15. Determine the orthogonal trajectories of the system of curves 
™ = a"cosné; and therefrom find the orthogonal trajectories of the series of 
lemniscates r? = a? cos 2 0. 
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Section III. Equations OF AN ORDER HIGHER THAN THE FIRST. 


109. Equations of the form & 


me = =f(@). The solutions of equa- 


tions of this type can be obtained by 2 successive integrations. 
Examples have already been seen in Art. 59. 


dty 


Ex. 1. Solve Fa 2 —2cosx-+ 3. 
Integrating, ai 40% —2sinx+ 344 ¢. 
; d?y 
Integrating, BEES gy wt + 2 cosa + $a? + cx + Co. 
Integrating, tu = — > +2 sin x ae pe cise a + Cot + Cz. 
i 
Integrating, Y = x47 2° — 2 cosa + Eat + kya? + Nox? + Cau + Ce. 


= da, : 
Ex. 2. Solve ——= fsin nt. 
dt? f 
Ex. 3. Solve Poe _ g. 
at? 


Ex. 4. Solve Boy — W(l—«x)=0, subject to the condition that y=0 
dy 
and 9a = 0 for 2 =0. 


Ex. 5. Solve BY _ poe, 
dx? 


Ex. 6. Solve BY — om, 
ale” 
110. Equations of the form @Y =f(y). Multiplication of both 
da? 


members of this equation by 2 gives 
a 


ody Cy _ Cpe. 
dx dx? 


2 
Integrating, eS = 27 (y) dy + ey 


arnt. 
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whence, dy 7 = da. 
J2f7@)dy tay 
Therefore, f ae) = @ + Cy 
J2f Fay +e? 
Ex. 1. Solve ou ay =0- 
aly dy dy @y dy 
Multiplying by 2 =*, Dy ales es D2 
ee! dx dx da? oe an 
and integrating, (3) = — ay? +c, 
du 
or, putting ac? for c, = a?(c)? — y?). 
Separating the variables, eon = de, 
Vc? = y? 
and integrating, sin-1 2 = ax + Co. 
1 
Therefore, y = ¢, Sin (ax + Ce). 


This solution may also be written y = Asin ax + Bcos az. 


dla 


2 
Ex. 2. Solve ae —, determining the constants, so that ey =0 when 
ie 


x= a, and that «x = a when¢=0. 


es 


Ex. 3. Solve aS ay =0. 


111. Equations in which y appears in only two derivatives whose 
orders differ by unity. ‘The typical form of these equations is 


qd” qr-l 
r( y = )=0. 


de” ada 


rece EE: =2 and (1) becomes 
* da” dx 


ad 
(ip P °) = 0, 


Ree aeabstituied fore = 
p be substituted for =), 
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an equation of the first order between p and w. Its solution gives 
p in terms of a; thus, 

qr 
dar ! 


p= = F(@). 


The value of y can be found from this by successive integration. 


Ex. 1. Find the curve whose radius of curvature is constant and equal 
to R. 
The expression of the given condition gives 


ne +) j 


3 
2 


wie 


Substituting p for & 7 Y clearing of fractions, and separating the variables, 
oo 


dp — de, 
(+p)? Bk 
Integrating ee 
Y V1 ae p? R 
in which a is an arbitrary constant of integration. 
Solving for p, p= ESS ee 
dx V R? —(@ — a)? 
whence, y—b=+/R2_— (~ — a)?, 


in which 0 is the arbitrary constant of integration. This result may be 
written 
(@— a)? +(y — 6)? = FR 


The integral represents all circles of radius R. 


Ex. 2. Solve. @Y_ ¢ (4) = 0. 
dx? dx 


Ex. 3. Solve 2Y By _ 
dx3 daz 


112. Equations of the second order with one variable absent. 
(a) Equations of the form 


dy dy 
Y a = 
A oy dx’ °) ‘ @) 
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on the substitution of p for & a » become 
an? 


ad 
Men P, °) = 0, (2) 
an equation of the first order in p and x. Suppose that the solu- 
tion of (2) is 
d 
p= = F(a, @). 
Then the solution of (1) is y = if. F(a, ¢) du + Cy 
; dy dy 
(6) Equations of the form f eae = (0) (3) 


on the substitution of p for a , become 
a 


t(o%, DP; /)=0, 
y 


an equation of the first order in p and y. Suppose that its solu- 
tion is 
d 
p=") =F, 4). 
Then the solution of (3) is 
dy 
Fy, 4) 


Equations of the type in Art. 110 and Ex. 1, Art. 111, are ex- 
amples of the equations discussed in this article. 


= + Op 


Ex.1. Solve x ay + dy =(); 
ax? dx 


Ex. 2. Solve OY 4 oft = 0. 
dx dx? 


Ex. 3. Solve y 24 Saale = 
dx? dx 
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113. Linear equations. General properties. Complementary Func. 
tion. Particular Integral. 
The form of the linear equation of order n is 


i n—1, n—2, 
dy P, OLY) P, d y 
die” Chie Qa 


fet Pi +Py=X, 


where P,, P,,-»-, P,, X, are constants or functions of 2 The 
linear equation of the first order was considered in Art. 102. 
The complete integral of 
dy 


d"y Cay 
eee Sy 22 ove Pj, ~+Py=0 2 
di” ae dat! legisla da td (2) 


is contained in the complete solution of (1). If y=/f,(#) be an 
integral of (2), then, as may be seen on substitution, y = ¢ fi(@), 
c, being an arbitrary constant, is also an integral. Similarly, 
if y=fo(@), y=fa(@),----, Y=F,(@), be integrals of (2), then 
Y = Cofo(@), +++) Y= Ca f,(@), Wherein ¢, +++, ¢,, are arbitrary con- 
stants, are integrals of (2). Moreover, substitution will show 
that 

Y= afi) + Cofo@) + oe + Cnn) (3) 


is an integral. If f\(@), £(@), +++, f,(@), are linearly independent, 
(3) is the complete integral of (2), since it contains » arbitrary 
constants. 


If y = F(a) 
be a solution of (1), then y=Y-+ F(a), (4) 
in which Y= f,@)+ofo(e)++-+6,f,(), 


is also a solution of (1). For, the substitution of Y for y in the 
first member of (1) gives zero, and that of F(«) for y, by hy- 
pothesis, gives X. Since the solution (4) contains n arbitrary con- 
stants, it is the complete solution of (1). The part Y is called 
the complementary function, and the part F(a) is called the par- 
ticular integral. ‘quations of the form (2) will be considered in 
the articles that follow. 
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114. The linear equation with constant coefficients and second 
member zero. On the substitution of e™ for y, the first mem- 
ber of 


d"y Qe ly 
da” + P, eee | dar 1 Pe -+ P. 


ce J 4 Py= 0 (1) 


becomes Cm” + Pym" + «-» + Pym + P,) e™. 
This expression is equal to zero if 
m+ Pm +...+P,wm+ P,=0. (2) 


The latter may be called the auwiliary equation. Therefore, if 
m, be a root of (2), y= e™" is an integral of (1); and if the n 
roots of (2) be m, mz, +++, m,, the complete solution of (1) is 


y ee ce” ak ce" aL mee | ce". (3) 
Ex. 1. Solve zs ~2 _ 35y=0. 
The auxiliary equation is m? —2m~+35=0; 
and its roots are m=—5,m=7. 
Hence, the complete solution is 


y = ce" + cele, 


If the auxiliary equation has a pair of tmaginary roots, say 
m =a4+iB, m=a—iB (i denoting V—1), the corresponding 
part of the integral can be put ina real form. For, 
cea TB) + ceo 8) = ew (c,e'8* ae ce *B*) 


= e* $c, (cos Bu + isin Bx) + ¢ (cos Bx — isin Ba) } 


= e* (Acos Ba + Bsin Ba). 
Exe) Solve £4 +80 4 26y = 0. 


The auxiliary equation is 
m* + 8m +25 =0, 
and its roots are m=—4+31,m=—4-381. 


Hence, the integralis y = e—4*(¢,cos3H + czsin 3x). 
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Ex. 3. Solve 2 Poe 5 ae = a= Os 
dt? dt 
Ex. 4. Solve +8y=0. 
Ex. 5. Solve = i C70; 
Ex. 6. Solve se ow +8y=0. 
Ex. 7. Solve oe — ay =0. 


115. Case of the auxiliary equation having equal roots. If two 
roots of (2) Art. 114 are equal, say m, and mz,, solution (3) becomes 


Yy = (& + cy) em + cge™* 4+ ++» + ¢,67*, 


Since c, + ¢, is equivalent to a single constant, this solution has 
n — 1 arbitrary constants, and hence, it is not the general solu- 
tion. In order to obtain the complete solution in this case, make 


the substitution 
My = Mm, + h. 


The terms of the solution that correspond to m, m., will then be 
Yy — ce + ce" h) ae 
that is, y = e™* (c, + ce"). 


On expanding e”” in the exponential series, this becomes 


h? ay hPa? 
Ss ml 6 + (1 + he teas a os at ~)| 


hex hea? 
cay (HUE hal 1 ee One 
e laters 2( Tio iso ole )] 


= e""(A + Bu + 4¢,h’2?+ terms in ascending powers of h), 


in which A=c, + co, and B= c,h. 


Now let h approach zero, and solution (8), Art. 114, takes the 


form 
Sow (A + Bz) = cge™s* -- 2°- 1 Cems 
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for the arbitrary constants ¢, c, can be chosen so that A, B will 
be finite, and that ¢,h’, ete., will approach zero. If the auxiliary 
equation have three roots equal to m, it can be shown that the 
corresponding solution is 


y = e's" (c + Ce + Cs”), 
and, if it have r ae roots, that the corresponding solution is 
= e™" (C+ Ce + + re Cpe a 


If a pair of imaginary roots, a +78, a — iB, occurs twice, the 
corresponding solution is 


— (q + e,pt)e(ot Be ae ( TBs oe) e'a—*8), 
which reduces to 
y = e*§(A+ A,2) cos Bx + (B+ B,x) sin Bx}. 
3. 
Ex. 1. Solve ou sft 4 3 —y=0. 
The auxiliary equation is 
m —3m?+3m—1=0, 

of which the roots are + 1 repeated three times. Hence, the solution is 


Y = €® (C1 + Coe + Cx”). 


ay dy , dy _ 
Ex. 2. Sol ate =/0! 
S ig he dx? aay 


Ex. 3. Solve @Y¥_2¥_9@Y_ 11% _4y=0, 
dat . dx? dx? dx 


116. The homogeneous linear equation with the second member 
zero. This equation has the form 


oP! + par St + par TE +. +p, 0 H+ Pay = 0, (1) 


wherein pj, Py ++, Pp, are constants. 
(a) First method of solution. If the substitution 


g= logs, thatis, «= ¢, 
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be made, equation (1) will be transformed into 


d"y : ay 
dz” ue dg 


d”*y dy 
. aoe eee = (0) 2 
gt Sewer ea been at (2) 
wherein @, Gz ***) Yn) are constants. This can be easily verified. 
Ex. 1. Solve a2 FY _ Wi y= 0, 
da 


Int Gea lly, iain dees and 
dz & 


dy _ dy dz _ 1 dy 
Gi UP OBS 46h: 


ay _ ad eee 1 (dy at 
dat dz\du/de 27\dx? dz 


Substitution of these values in the given equation changes it into 


Vey pe 


? 


dz dz 
the solution of which is y = 67(cy + C22), 
whence, y = “(C1 + C2 loge). 


(b) Second method of solution. The substitution of x for y in 
the first member of (1) gives 
§{m(m —1)---(m—n+1)+ pym(m —1)-+ (mM — n+ 2) foe 
+ ppm + pa”. 
This is zero, and accordingly y =” is a solution of (1), if 
m(m —1)++-(m —n+1)+ pym(m —1)+- (m—n 4+ 2)4+ + 
+p, 1m +p, =. (8) 
Hence, if m, my, +++, My, are the roots of (3), the complete solu- 


tion of (1) is 
Y = C0 + CoV - oe + 6,00, ~ 


To a solution y = e"*(c, + cg + +++ +¢, 2") of (2), there cor- 
responds a solution y= 2#™(¢, 4-c¢loga+ +--+ +¢,,(loga)"") of 
(1), since z= logaw. It can be easily shown that the auxiliary 


SS 
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equation of (2) is identical with (3). Hence, if m, is repeated r 
times as a root of (3), the corresponding solution of (1) is 

y= we, +c, loga+ --- +¢_,(log x)". 


Py , dy 


= 0) 
One die ae 


Ex. 2. Solve z3 ay +342 
dx 


Substitution of a for y gives (m+ 1)a”=0, 


1+v3i 1—v3i 


of which the roots are —1, sia 5 
Hence the solution is 
p Ih : /2 
y= un {ea cos(Proger) 4 C3 sin( = log «| \. 
; 


ay Gy, ay 

3 2 a = 

Ex. 5. “— 3 apt 4 8y=0 
EXAMPLES 


5 
1. If y= Ae + Be, prove that oy — ky = 0. 
di 
2. Derive the differential equation of all circles which pass through the 
origin and whose centers are on the x-axis. 
8. sec?a tany dx + sec? y tana dy = 0. 


a dy — y dx 
4. «dx Gi GP LES 
+ydy ae 


5 dx 23, dy. 

 g2—Qay y?—2Qay 

. Qaxt+ by +9) dz +(2cy + ba + e) dy =0. 
% (_+ay)ydv+( —ay)edy =0. 


fom) 


8. y(2ay + e*) dx — et dy =0. 
] 

9. a — ay =a +1. 
dix 


10. cost not +y = tana. 
dx 
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11. x(1 — 2?) ae Q2—1)y= az’. 


12. 7 + ycos@ = y"sin2 x. 
13) ay = 8y8 — xy. 
Ay 


14. Biwa+2y+38pPaet+ty+y+2r)p=0. 
15. xp?—-2yp+ax=0. 
16. p’y+2px=y. 29 dBy 


Gunes 
17. e*(p —1)+ p%ev = 0. 
dty ,d2y 
2 SEA GG) gp ee! Py 
eB vee i basa are 
; ity dy dy dx 
dy , a EE i= BO ade 
29. oe a i=e 24 dx dae dx2 dy 4y=0 
iy, Ce 5 ee ee 
~ UR Oi \Go ; dx Che? ~ Oke 
Py dy_.. Oi sh = 
21. Gee am ee 26. yt 2m at 2y=0. 
40Y 3 PY 0 4? Py | 3 dye 
ee eee ae ce Uy 
2 4 
28. = . — 2) Ie =O. OOM HI oe 


dx? dat 


APPENDIX 


NOTE A 
[This note is supplementary to Art. 33] 


A method of decomposing a rational fraction into its partial 
fractions. 

f(@) 
F(a) (@ — a)? 
substitution of a for x in this fraction, (w—a)? being left un- 
changed, and the subtraction of the fraction thus formed gives 

F(a) f@)___f@FO@)-F@FO), a) 
F@)(e—ap F(@)(@—ar Fa) F@ @—ap 
The numerator of the fraction in the second member of (1) 
vanishes for «=a, and hence it is divisible by ~—a. Let the 
quotient be denoted by ¢(#). Then 
fen ie ee 
F(a) (@a—ayP F(a)(@—a)y F(a) F(a) (e«—a)p 
Of the two fractions in the second member of (2) the first is 
one of the partial fractions required, and the second has a de- 


Suppose that is a proper rational fraction. The 


nominator of lower degree than the original fraction possesses. 
The second fraction can be similarly decomposed, and by the 
repetition of the operation all the partial fractions will be 
found. 

When the factors of the denominator are all different and 
of the first degree, the decomposition of a fraction can be 
effected very quickly. For example, on taking the fraction 

229 


230 INTEGRAL CALCULUS (Norn A. 


PACIE aae 
@—a)(@—b)@—6) 
and subtracting the fraction thus formed, there is obtained 

F@) St (a) ¥ F (a) 
(«—a)(w—b)(@—c) (—a)(@—b)(a—c) (@—b)(@—e) 


in which F'(@) is a constant or of the first degree in @. 


and substituting a for x except in x—a, 


The partial fraction whose denominator is «—a, which is 


S@) ; 
(w —a) (a — b) (a —C) 


partial fractions whose denominators are (w— 0), (w—c), can be 


formed by this rule, is accordingly The 


written by symmetry. This is easily verified. For, on assuming 


S(@) Dae ge! B C 
CLV AIN GOS aan a ee 


and clearing of fractions, 
JS (@) = A(a— b) (@—¢) + B(w— a) (w—c) + C(a— a) (w — d). 
The substitution of a for x gives 
f(a) = A(a—b)(a—0), 


(a) 
(a — b) (a—c) 


It will be found, on putting b for a that 


whence, A= 


= S(O) 

~ @—a)(b—o) 
and on putting ¢ for a, that 

See CeS ae 

a EN CET) 
Therefore, 
f(@) be f(a) 

(w—a)(@—b)(a—c) (#—a)(a—b)(a—e) 


" f(0) oO 
(b—a)(w—d)(b—6) | C—ay(e—D)w—0) 
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Exit, 
a1 D Pe a es 2 3)t= 1 
(@—2)(@+3)(@—5) (w—2)(2+38)(2—5) (—3 —2)(8+2)(—3 —5) 

4 2.521 
(6 —2)( +3) (@ — 5) 
et 17 49 
~ @ 9) 023) Gab) 
Ex. 2. 32+2 38-2+2 


(2 —2)2(@—8) (x%—2)2(2—8) 


On determining F# by subtraction, 


Bimota fei Bes 11 
@=2)7°@=3)  @—2)?  @—2)@—8) 
3 11 a 11 ' 
G26 — 3) G2) C38) 
3a 4-2 8 11 ll 


H =e - ; 
Hence, (@ — 2)2(« — 8) (a —2)2 2-38 x2 


NOTE B 


[This note is supplementary to Art. 45] 


To find reduction formule for f a™(a+ bx”)? dx by integra- 


tion by parts. In what follows | #"(a + ba”)? da will be denoted 
Dy aL. 


(a) On putting dv = a""(a + ba")?dz, w=a™, 


yn p+1 
it follows that v= (be du = (m—n+1)a™™ da. 
nb (p +1) 


am "a+ ba")et? m—n+1 
nb (p +1) nb (p +1) 


But eo ae bx\Ptt = g(a aie ba”) (a ab ba)? 


Hence, l= hand ae barnett dx. 


= an”-"(a + ba”)? + baa + ba")?. 
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Therefore 
am -n-+1 bye m—n + i: a = 
| pg nea = ts f na, + bar)? dx + bI 
nb (p +1) mipei\io, | ee meee 


On solving for J, 


eC) ae Oia) 
bm+np+1) db(m+np+1) 


a™—"(a + ba")? dx. 


(6) On transposition in the result just obtained and division 
a(m—n +1) : 
b(m+n+p+1) 


am—n-+1 ba”) pti 
lipo se ba”)? da =~ (a+ 
J ae) a(m—n-+1) 


_ b(m+np +1) am ba”)? d 
a(m—n-+1) aK 


From this, on changing m into m+n, 


gemtl (oy, bart 
Le On) — pA NIELS 2S 26 Ra (Gr 
Se Cael a(m +1) 


— AANA ED) Fymin nat)? d 
ame) ata, + ba")? da. 
(c) On putting dv =a" da, u= (at ba")?, 
m-+1 
it follows that ie leas du = pnba" (a + bx")? dx 
m+1 
and hence, 
a (a+ ba")? pnb = 
T= wv aS pm-+-n ban p lq : 
m+1 m+1 gat et), "4 
am(at ba") aa” 
b b 


Batra =a 


On substituting this value in the last integral, 


m-+1 ap) p b if ah 
T=” (a Oe)? ona elas ff; eh bane) da |, 
m+i1 m+1\b 6 AG tae aa | 


Nore B-C.] APPENDIX 2338 


Whence, on solving for J, 


m+1 pn) Dp 
T=” (a + bx”) anp fen be)?-) de. 
m+np+1l ceo np el SAG) . 


On transposing in the last result and dividing by —“? _, 
—m+np+1 
m1 nv 
el anbrr de 2 bea Yemen tt falat ba)? be. 
anp anp 
From this, on changing p into p + 1, 
m-+1 oD) 1 
jis (a + ba")? de = — ant (a + bat)eh 
an(p +1) 
mt+tn+tnp+1 eG ants 
ee + ba")?*? da. 
monies ae 
NOTE C 


[This note is supplementary to Art. 51] 


To find reduction formule for if sin” a cos” x da by integration by 


parts. On denoting this integral by J, 
I= { sin” x cos” % da = -{ sin” a cos” x d (Cos 2). 


On putting dv=cos*xd(cosx), u=sin™ 2, 


: Costa Ares 
it follows that v=——, du=(m-—1)sin”™’2 cos xdz. 
nti 
SiN COS ae Nt — Le 
Hence, [= : ee + sin”? cos"*? a da. 
n+l n+1 
But sin” “w.cos"*?y = gin” “a cos" (1 — sin?) 


= gin” “a cos” # — sin” x cos” x. 


im N+1 pr or: 7 

e,m : 

Hence, 1=—*— ges + f sin 2ecos"adx — I | 
n+ n+1 


bo 
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From this, on solving for J, 


sin” 17 cos" 1a). m— 1 


= sin”? x cos” x da. 
m+n men 
: Ae ee m —1 
From this result, on transposition and division by sig 
n 


in” +2 cos***a° -m + ; 
sinh wos eM (sin cos" a dx : 


f sin” cos" @ da = 
ae Hil 


whence, on changing m into m + 2, 


sinh eicost ae . m7 4D 


m+1 m+ 


sin™*? e cos” w da. 


f sinn a cos"a da = 
Formula C, Art. 51, can be obtained by writing 
I= | cos" *a sin” ad (sin 2), 


putting dv =.sin”™ 2 d (sin 2), uv = cos" >a, 


and then integrating by parts and reducing. 
Formula D, Art. 51, can be derived from C' by transposition and 
the change of m into n + 2. 


NOTE D 
(This note is supplementary to Art. 67] 


It is explained in the differential calculus that if the differ- 
ence between two quantities be infinitesimal compared with 
either of them, then the limit of their ratio is unity, and either 
of them can be replaced by the other in any expression involving 
the quantities. A deduction that can be made by means of this 
principle is of great importance in the practical applications of 
the integral calculus. 


If Oty F Oy -F oe 


represent the sum of a number of infinitesimal quantities which 
approaches a finite mit as n is increased indefinitely, 
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and if Bi, Bo po) Pa 
be another system of infinitesimal quantities, such that 

By oe Bo — Bus 

eee ce Fe acces Gace (1) 
where Cig Cay sen Cy, 


are infinitesimal quantities, then the limit of the sum of £,, By, 
---, B, 18 equal to the limit of the sum of a, Gy, +++, ,: 
It follows from equations (1) that 


fitBo+- + Bn= (e+ e+ oo0 + ot,) + (e+ O9@y-+ wae Oren): (2) 


Let » be one of the infinitesimal quantities @, @, +++, @,, which 
is not less than any one of the others. Then 


(Bi + Bot sige + Bn) — (0+ Oly vee On) < (a + ie i On) + 


But by hypothesis a + a+ ++» +a, has a finite limit, and hence 
the second member of this inequality is infinitesimal. There- 
fore the limit of £,+ 6,.+-+8, 1s the same as the limit of 


Oy + Og + +++ + 0,.* 


NOTE E 
[This note is supplementary to Arts. 84-87] 


Further rules for the approximate determination of areas. <A 
few more rules for approximately determining the area of 
LAKT (Fig. 53) may be stated. As before, h denotes the 
interval between successive equidistant ordinates, and merely 
the coefficients of the successive ordinates are given in the 
formule. In the trapezoidal rule, strips were taken in which 
two ordinates were drawn; in other words, the ordinates were 
taken by twos. In the parabolic rule, strips were taken in 
which three ordinates were drawn; that is, the ordinates were 
taken by threes. 


* See B. Williamson, Treatise on the Differential Calculus, Arts. 38-40. 
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Rute A. If four ordinates are taken at a time, then for 
each strip, approximately, 


area =*h(1+3+3+1). 


This is commonly called Simpson’s three-eighths rule. 
Rute B. If five ordinates are taken at a time, then approxi- 
mately for a strip involving them, 


area = 2 h(7T + 82 4+12+4 3247). 
Rute C. If six ordinates are taken at a time, 
area = 423A423+38+4+242+43+422). 


Rue D. If seven ordinates are taken at a time, then, after 
a very slight modification of the formula that first presents 
itself, 

area=3h(1+54+14+64+14+5+1). 


This is known as Weddle’s* rule. It may be expressed in 
words: The proposed area being divided into six portions by 
seven equidistant ordinates, to five times the sum of the even 
ordinates add the middle ordinate and all the odd ordinates, 
multiply the sum by three tenths of the common interval, and 
the product will be the required area approximately. Rules 
A and D are frequently employed. 

The trapezoidal and parabolic rules A, B, C, above, are special 
cases of one general rule} which is deduced on the supposition 
that the area concerned is divided into n portions bounded by 
n+ 1 equidistant ordinates whose lengths and common distance 
apart are known. The given curve, say y = $(#), 1s replaced by 
a curve which passes through the extremities of the n+1 given 
ordinates, and whose equation is a rational integral function of 
x of the nth degree. The area of the latter curve can be easily 


* It was first given by Mr. Thomas Weddle in the Cambridge and Dublin 
Mathematical Journal, Vol. LX. (1854), pp. 79, 80. 

} This rule was first given by Newton and Cotes, and published by the 
latter in 1722 in a tract, De Methodo Differentiali. 
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found by integration. For example, in the case of each succes- 
sive pair of ordinates in Art. 85, the given are was replaced by a 
straight line, and in the case of each successive group of three 
ordinates in Art. 86, the given are was replaced by the are of a 
parabola. On assuming that the equation of the second curve is 


y = Ay + Aye + A,” + siete) a eAn a (1) 


the coefficients Ay, A,, Ay, ++, A,, can be determined. For, the 
substitution in (1) of the codrdinates of the n+ 1 given points, 
namely the extremities of the given equidistant ordinates, will 
give n + 1 equations, by means of which the values of the n +1 
coefficients A), A,, ---, A,, can be found.* If n is sufficiently 
great, the difference between the area of the second curve and 
that of the original curve will generally be very small. The 
general formula for the-case of n +1 equidistant ordinates can 
also be deduced by the method of finite differences.f For a dis- 
cussion on various methods of finding an approximate value of a 
definite integral by numerical calculation, reference may be made 
to J. Bertrand, Calewl Intégral, Chapter XII., pp. 331-352. 


NOTE F 
[This note is supplementary to Art. 88] 


Tur FuNDAMENTAL THEORY OF THE PLANIMETER f 


In Fig. 58, AD BC is a plane figure whose area is required, and 
QX is a given straight line taken as the axis of X. Let MN rep- 
resent a plate of which two given points always move, @ along 
@X, and P on the contour of the given area. Then QP is a 
straight line fixed with reference to the instrument. Let b be 
the length of QP. Let W be the recording wheel with axis 
parallel to QP. Its actual location is arbitrary. 


* Also see Lamb, Injinitesimal Calculus, Art. 112. 

+ See Boole, Calculus of Vinite Differences, Chapter III, Arts, 10-14. 

} This note is by Professor W. F, Durand, who has kindly permitted its 
insertion here, 
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The movement of P from P to C,a point very near, may be 
decomposed into: (1) A movement da parallel to QX, (2) a 
movement dy at right angles to QX. It will first be shown 
that the record of the wheel W due to the dy component will, for 
the closed area, be zero. 


It may be noted that the amount of the dy record depends on 
the dy and on the configuration of the instrument under which it 
is traversed. Now it is evident that for every dy traversed in 
the wp direction, there will be an equal dy traversed in the down 
direction, and under the same configuration. In the diagram the 
pair thus traversed is dy and dy. The net record for such a pair 
is zero, and for every other pair, zero, and therefore, for the 
entire contour, zero. 

It follows that the entire record will be merely that due to the 
dx components. This is found as follows. The component of 
dx in the direction of the plane of the wheel is dx-sin@. But 


sind =% Denote that part of the record due to dx by dh. 


Then, 


aR = da- sing = 2. 
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Hence, = fy da = 4 


and therefore A=D0OR. 


It only remains therefore to graduate W conformably to the 
length of , or, vice versa, to graduate W and give to b an appro- 
priate length. The latter is the usual method. By giving to b 
various lengths, the area may be read off in corresponding units. 

Thus far it has been assumed that Q follows the straight line 
@X. It will next be shown that the record is independent of the 
path of @ so long as it is back and forth on the same line. 


Fie. 59. 


To this end let FM (Fig. 59) be any area, and ABCDE a 
broken line. Let A and H# be the points from which arcs with 
a radius b will be tangent to the contour at / and M. With the 
same radius and B, CO, D as centers, draw arcs as shown in the 
figure. Suppose now that P is carried around these partial areas 
successively, and always in the same cyclical direction. For 
(1) the point Q (Fig. 58) will traverse AB, for (2), BC, ete. In 
each single case the record will represent the corresponding area. 
Therefore the total area will be represented by the total record. 
And it is readily seen that GLH, LJ, KL, are each traversed twice 
in opposite directions. Hence the record due to them is zero, 
and the actual record is due only to the external contour. fence, 
if P were carried directly around the external contour, it should 
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have the same record, and hence the area. This is true for any 
broken line, and hence for acurve. In the common polar planim- 
eter the curve is the are of a circle. Thus the point C in Fig. 
55, Art. 88, which corresponds to the point Q moving along QX 
in Fig. 58, or along ABCDE in Fig. 59, moves along the circum- 
ference of the circle of center 7 and radius a. 


NOTE G 
On InTEGRAL CURVES 


1. Applications to mechanics. — (This article is supplementary 
to Art. 93.) 


(a) The statical moment about OY = M, = (area) OW = ay,0H. 


Hence, 
M, = ay; (@ — HX) = aya, — aby = a (yx, — by). (1) 
Also 
2p, 2 
Tee (ete)? a9 abeye a(2em a (2) 
n 


(0) The value of HX in Art. 93 (6), may be found by a simple 
construction, though from its nature the accuracy may not be 
all that is desirable. 

Let BH be drawn tangent to OB at B. Then 


tan BHX =@%#— 4. 
da 


AX 
But Y= ef da, and hence dy _ 9h, 
b Che. 
H Yo wh Gl JED bY, 
ence, yen 


Hence, from Art. 93 (6), the point H thus determined will be 
the abscissa of the center of gravity as desired. 


(c) The moment of any area ORFH about any vertical XA is 
proportional to. the corresponding ordinate XD of the tangent 
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to the second integral curve at the point H on the limiting ordi- 
nate HF. 


It has been shown in Art. 91 that ae a From this, 
cy 


tan DEX — H2 M2 hh _ area, 
HK adz« ob ab 


Hence the equation to the tangent AD is 
Ae 

— HE =—(«—OH); 

@ ab e )i 


whence, aby =ab- HE + A(«—OHF),. (3) 


But from Art. 98, ab- HE is the moment of the area about 
HF, and A(« — Off) is the correction necessary to transfer this 
moment to an axis distant (ec — OH) from HF, and therefore 
distant « from the origin. The second member of (3) is thus 
seen to be equal to the moment of the area about a vertical line 
at any distance # from the origin. Hence, such moment is meas- 
ured by aby, or ab times that ordinate of the tangent line which 
is determined by the abscissa x Hence such ordinate at any 
point bears the same relation to the moment of ORFH about 

- the vertical line containing the ordinate, that HH does to the 
moment about ALF’. 

(d) It follows that where KD crosses OX, the moment about 
the corresponding ordinate will be zero, and hence an ordinate 
through & will contain the center of gravity of the area ORFH. 
Hence the construction given in (0) above is a special case of (c). 

(e) If we apply the same proposition to the moments of the 
two areas ORFH and ORPX about an ordinate through LZ, the 
point of intersection of the two tangents at H and B, we shall 
have for each moment the expressions ab NZ, and the moment of 

‘the difference of the two areas or of HFPX about NS will be 
zero, and therefore NS will contain the center of gravity of such 


area, 
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Henee the tangents to the second integral curve at any two 
ordinates intersect on the ordinate which contains the center of 
gravity of the area of the fundamental curve lying between the 
two ordinates chosen. 


2. Applications in engineering and in electricity. The limits of 
the present article will not allow detailed reference to the various 
ways in which these curves may be made of use in studying 
engineering problems. A few brief references may, however, be 
made to some of the more common applications. 

It is readily seen by comparison with text-books on mechanics 
that if for the fundamental we take the curve of net external 
force on a beam or girder, then the first integral of such funda- 
mental will give the entire history of the shear from one end to 
the other. Also that the second integral will give similarly the 
entire history of the bending moment from one end to the other. 
This serves to illustrate one important advantage of representa- 
tion by means of these curves, and that is, that they serve to 
give not only the value at some one or more desired points, but 
at all points as well. 

In this way they furnish a continuous history of the variation 
of the function in question, and thus give a far more vivid 
picture of its characteristics than can be obtained in any other 
way. In the case of beams or girders it may be well to note 
that external forces should not be assumed as concentrated at a 
point, but should rather be considered as distributed over « length 
equal to that occupied by the object to the existence of which 
they are due. Thus the supporting forces at the ends of a bridge 
span must not be considered as located at a point, as is common 
in the analytical treatment, but rather as distributed over a length 
equal to that occupied by the supporting pier. Their graphical 
representation will therefore be a rectangle, or rather it may be 
so taken for all practical purposes. ; 

As another application, consider the action of a varying effort 
or force acting through moving parts having inertia, and upon 
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a dissimilarly varying resistance, their mean values being of 
course the same. This is the case with the ordinary steam 
engine or other prime mover operating against a variable resist- 
ance. 

Suppose that we have plotted on a distance abscissa, the curves 
of effort and of resistance. The integral of the first will give 
the history of the work as done by the agent or effort, while that 
of the second will give the history of the work as done upon the 
resistance. Steady conditions being assumed, their mean values 
will be the same. Their history, however, will be quite different. 
The difference between the ordinates at any point will give the 
work stored as energy in the moving parts during their accelera- 
tion when the effort is greater than the resistance, restored 
during their retardation when the effort is less than the resist- 
ance. We might reach the same results by taking as our funda- 
mental the difference between the curves of effort and resistance. 
The integral of this will give the history of the ebb and flow 
of energy from and into the moving parts of the mechanism. 
Again, by replotting this latter curve on a time abscissa it becomes 
representative of the time history of the acceleration of the 
moving parts. If then the reduced inertia of these parts is 
known, the acceleration at any instant is known, and the curve 
may be considered as one of acceleration. Its integral will, 
therefore, give velocity, such velocity being the increase or 
decrease above the mean value. Such a curve would, therefore, 
show the continuous history of variation in the velocity due to 
the causes mentioned. 

In electrical science there are many interesting applications of 
these methods. Of these only one or two of the simpler will be 
here given. 

Suppose that we have on a time abscissa a curve showing the 
history of the electromotive force in any circuit. Then since 
this is the time rate of variation of the total magnetism in the 
circuit, it is evident that, reciprocally, the latter must be the 
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integral of the former. Hence the first integral curve will give 
the history of the total magnetic flux in the circuit. 

Again, if we have on a time abscissa a curve showing the 
history of a current, then the history of the growth of the quan- 
tity of electricity will be given by the first integral of such 
curve. 

Instances might be widely multipled, but enough has been 
given to show that where desired results may be found by one 
or more integrations effected on a function whose history is 
known, the complete representation of the problem naturally 
leads to the production of these curves; and for their practical 
determination and for their application to many special problems, 
the fundamental relations and properties as developed above and 
in Chapter XII., will be found of considerable value. 


3. The theory of the integraph. We will next show briefly the 
fundamental theory of the integraph, an instrument for practi- 


Fie. 60. 


cally drawing the first integral from its fundamental. Various 
forms of instrument have been devised, but in nearly all, the 
kinematic conditions to be fulfilled are the same. These are as 
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follows: Let PC (Fig. 60) be the fundamental relative to axes 
OX, OY; and QD the integral relative to axes QX, QY. For 
convenience the two Y-axes are taken in the same line, though 
this is not necessary. P and Q are therefore corresponding 
points. At Q draw a line QA tangent to QD. From P draw 
PE parallel to QA. Then: 


QO dy, Oa 
OA dx and OE a 


Hence, aues + == OF th ={% da. 


If now a is constant, we shall have 


nas fy dx = tS or area = AY). 


These conditions are seen to correspond to (2), Art. 91. The 
instrument must therefore include three points, H, P, and Q, 
related as above specified. While the instrument travels along 
the direction of X, P is made to trace the given curve, and # 
remains at a constant distance a from the foot of the ordinate 
through P. This determines a direction HP, and Q constrained 
_ by the structure of the instrument to move always parallel to 
EP, will trace the integral curve QD. 

It is not necessary that the points H and A should le to the 
left of O as in Fig. 60. They may be taken as at EH’, A’, and in 
such case if the fundamental les above X, the integral will he 
below its X as shown by QD!, and vice versa. The actual values, 
however, will remain unchanged, and the inversion is readily 
allowed for in the interpretation of the results. 


Following are the figures of some of the curves referred to in 
the preceding pages: 


Lhe hypocycloid, «> + y? = a’. The cissoid, y? = os 


vA 
0 x 
O OZR 
The cycloid, « = a(6 — sin @) ; Folium of Descartes, 
y=a(1 —cosé). e+ yi = s8axy. 


246 


1% 
a 
QO xX 


The catenary, y = (e4 + e 4), The parabola, x? + y? = a. 
Ve 
Y 
O xX are: O x 
The semicubical parabola, ay? = x. The cubical parabola, a2y = 2°. 


O He 
x 


The parabola, r = a sec? > The logarithmic spiral, 7 = e9, 
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The curve, r= asin? : Spiral of Archimedes, 7 = a@. 


The curve, r= asin2 0. The cardioid, r = a(1 — cos @). 


Vp 
ea ua oe 
ie ~ 
4 ‘ 
‘ 
/ 
peers, ae 
\ 
As Zs 
Se eZ 
O x 
The lemniscate, +? = a? cos 2 0. The witch, y = Sc 
x? + 4? 
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—0595 oo — 
Following is a list of integrals for reference in the solution of 


practical problems. The deduction of these integrals will be a 
useful exercise in the review of the earlier part of the book. 


GENERAL FORMULZ OF INTEGRATION 
dbs fwsvews --)da= fudaz £fvdet fwdet vee, 


2. fim de =m u ae. 
3(a). Judv=w— | vdu. 
3 (b). Ww de = wo — fv da, 


ALGEBRAIC FORMS 


EXPRESSIONS CONTAINING INTEGRAL PowERS OF a+ 6x 


dx 
a+ bx 


= : log (a + ba). 


(isa ia ee. 
Ub f a+ ba)" da = Coane when n is different from — 1. 
ee > G80) 
249 
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8. dp F(x, a+ b«)da. Try one of the substitutions, z= a + ba, 
1=a-+ bu. 


x de 1 
9. Spam jl t be — a log (a + ba) 


10. j aS = SU h(a+ bx)? —2a(a + ba) + a log (a + ba) ]. 


a + ba 
dla alt a+ ba 
11. fh wer hy, 
x(a + bx) a Ms x 
da il b a+ ba 
12. f we 1 
x” (a + ba) ee a? ao x 
moky il 
13 er eee b 
(a + ba)? ae oe ar oral 
r? cle il a? 
Ae |e ae ba —2al ba) — 
1 (Cras: E + bx a log (a + ba) a a 
da 1 il a+ ba 
wD. —— =] g . 
ee lean a(a+bx) a ae 
16 ode Lie 1 a k 
(a+ba) Bb a+be 2(a+ bx)’ 
EXPRESSIONS CONTAINING a?+4 2, a? — a’, a+ dba", at ba? 
17. f a es 1 tan, de _ _ tan— ». 
ip see Gi a 1a? 


da Qi da 1 r—a 
18. (“= al pee! 
=e me 18 Fame! te PG ee 


19. f da = Ltantay)?, when a>0O and bO>0. 
a+ba ~/ab a 


lac 1 a+ ba 
20. (4 =5 5 bo 
OF SO? — Polo 2 a— be 
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21. x™ (a + ba”)? dae 


& am "th (a + ba)P*! — a(m—n +1) 
b(mp+m-+1) b(np +m +1) 


am" (a + bar”)? dat. 


22. a” (a + ba")? dar 


OF bah POM om (gh 4 ba de 
= Sete oo : aararcemn) a” (a + ba”) a. 


da 
es lf a” (a+ bax”)? 
MOF; 1 _ (m—n+np 2 f- : 
(marae (m—l)ha JS ape? 


dla: 
ee 1 an” (a + ba")? 


= aL ca m—n+np—1 da ; 
— an(p—1)an (a+ bare an(p—1) J a (a+ dary 


25 so ba”)? dx 
ieee ct 
_ (+ ba)** — Pim —n—mp— 1) (a+ bey de 
sd 


a(m —1)a"—" a(m — 1) 
(a + ba")? da 
ga” 
_ (a+ bap (eee: 
~ (np —m +1) a"-} et 
x” dae 
(a + ba")? 
< rye _ a(m—n+1) (_a~"da 
~ b(m — np +1) (a+ ba")? b(m— np +1)P (a + bar J 
{ a” dae 
J (a+ ba" 
2 ee mina pth (ee an cae 
~ an(p — 1) (a + bar)? an (p — 1) (a+ bare? 
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eae 24. apn 


“Ie -pal erat O- Yeas} 


_ ae 
i Ife + bau?)” 


il x da 
ese acs Thai + Cn = 38) f ean | 


a dae 
h = x, 
31. (at bah ea erez = 2 
3 x da 
(a + ba)” 


- — 2 zt i da ’ 
2 b(n — 1) (a + ba?)""1 — 2b(n—1)J (a + ba*)"-? 


da 1 a” 
a8. (__@ _ =F og _# _. 
x(a+ ba") an aos + ba" 


da eal b 
34. ee Be A! >. 
pcan x(a + bay a ae 1 5 aaness 
Tee ee) 
oo earns 


36: lS Plas 


37 Sa See ir ee 
; x(a + ba) 2a a + ba? 


38 ii da poe el ion da 
"J x(a + ba") aur a+ bat 


x il dx 


ee Nie + ba)? Daa + bat) 2aJ a+ba? 
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EXPRESSIONS CONTAINING Va + ba 


[See Formule 21-28] 


40. Seva bide =—* 2a—3 ba) V(a + bay 


150° 
41. fever bade =28E— abe Reva + bey 
105 6° 

Ae EO) get, 

Va + ba 3b 

ade _2(8a’—4Aabe + 3 bx’) 

43. {| —_— 

re 1505 pas: 
44. i oe log eB as Va for-a> 0. 

ovat be Yi Va+ba+Va 


45. {—_- “ tan 4/242, for a< 0. 
WV Sa 


aVa + bx 
46 {= eb _ de, 
w/a + be cust Zad e/a+ be 


47. ft = evar bet af —S_. 
ot aVa+ ba 


EXPRESSIONS CONTAINING Va? + a 


[See Formule 21-28] 


48. fe fe a’)? da = 5 Ve te Gf de “log (x 4+ V0? + a”), 
49. Sra)! da = ; (20?+ 5a*) Va? + a? +2“ log (w+ Va? +a). 


50. f we tailan Beta 5 20 soak (+a)? "de. 
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n+2 
2 a (@? + ae ae 
51. x (a? + a’)? dx = nae: 


52. fe (a? + a)? da = gC eae pa — © log (@+ Va?+ a"). 


5a = log (w+ VP $a). 
(a? +a)! 


54 f"a-> Se 
(a? + a2)2 a? Va? + a? 


55. f_- oe? + a? 
(a? + a?) 
2 ee Ly 2 
56. Verret gy RE) 
ae? + a 
57. ee a 
(a? + a7)? a + a 
58. fF =F eg — 
a(e?t+ay)? % a+Va?+a? 
59 (pe SEE 
a? (a? + a?)2 aa 
60 f dx saeee Vas tee i los CVE EE 
os (a? + a?) 2 ax? Dea x 


AL, (Gril _vare Te = los et Ve 
ab we 


a9 1 FO ume ee oe 
62. gfe + Gees Vai +a ai + log (a +-Va? + a’). 


63. 


64. f@ =a) de=FOe5a) Vee a? + —— 


fe — a)! Ce = 
fr (a? — 


65. 


66. 


A 
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EXPRESSIONS CONTAINING V2? — a? 


[See Formule 21-28] 


f@ =a) aw =S VP =e — Slog (w+ VF ”), 


e(—a? na? 
n+1 n+l 


ae 


Does =a) ° x 


n+2 


67. fe @—aytde=Z ee — a’) Va? — a? 


68. 


69. 


70. 


71. 


72. 


73. 


74. 


la = log (w + V2? — a’). 
(a? — a?) 


S 


dx 


@—a?yt 


Ay 


ae \/ a? —aQ? 


i Co Fae! 
(a? — at 


x? dae 
lene (a? — a®)? 


Cea eae 


a? dix 


=5Ve—@ a 4 Clog (w+ 


f da ee ae f da 
a (0? — a)? ¢ a? J g/g I 
f da _ Va? — a? 

a wa 


@—ayh 


“ = log (w+ -Vx?—a?). 


(a? + a2)? dan 


—-— © log (@+V2’?—a’). 


Vi? — a’). 


+ log (@ + V2? — a? — a). 


= sec! a. 
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75. 


76. 


77. 


78. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


2 (a? — a2)? 


da 
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eVE SO eee 


es -Sec 
2a? x? Oe a 


i : 
2 2)2 

we a 1 

ern Vi —a7— @ COs io 

wv a 


(ie oe dx _ 


Vai at log (@ + V2? — a’). 


EXPRESSIONS CONTAINING Va? — 2 


[See Formule 21-28] 


f@-miae=z Va? — a? e+e sin. 


f@ — «ida == goa —22’)Va? — ec 


S@ = aan = 28 —a8)2 an Sn f@-e 7 


n+2 
fe (a? — a?) ep isles aE, 


ip 


fe@ — 0)? dar = © (2a? — a)V a? e+ sin az 
a 


da 
(at a’)? 


f= 


(a? — 


da 


ah 


Rey 
= sin; 


= sina. 


a 
V1i — 
Se ae 


ar a 


lice =— Vai at 
(a? — a)? 


Boa = =e oo @ in”, 

(a — a®)2 a 
ode _ 3 ete 

(a? — 2)? Va? — a a 


88. 


89. 


90. 


91. 


92. 


93. 


94. 


95. 


96. 
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anda riod 1) a? gm? 
Seca OS ena 


f da . x 
MEM CT as og eet 
(@_ayt @ “atVaoe 


x 
J—“.=-*== 
a? (a? — a%)2 arae 
da P=, il x 
———————— cre | gt, staat 3h) | ——_—___. 
Net 2am Da aes. 


2 »2\4 ea 
eas alg ee 


fe — x)2 Va — a 
a a 


, aw 
— gin! —. 
a 


EXPRESSIONS CONTAINING V2 ax — 2, V2 aux + 2° 


[See Formule 21-28] 


eee ee 2 
[V2 ae = Bde = SA V2 an — oF + F vers 2. 


(SS = vers— 2 J = VOLSma 
V2 ax — 2? a V20— 2 
a” (2 aa — a2)2 


fe V2 ae — v de = — 


m+2 
(2m +1l)a nat are 
f da Se V2 axe — x? 
x” /2 wn — x? (2m — 1) aa” 


a Hip, — AI TE dx 5; 
(2m—1)ad y/2 aa — a 


x. 
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UT ies 18 ae — oF Cn oy ada 
WV Fan — a m m V2 ax — x 


Poe Lee A ea 
99. [2s n= (2 aw—x*)2 m—3 [Fe an 


100. 


ae — (2m—3)ax" " (2m—8)a a 


2 ree a , 
fe V2a0—o de= — Fhe V2 axa? + £ vers”. 
a 


101. if da _ V2a0— 2 


a/Fan— a ey 
102. ee. Dees eras a 
V2 ae — a a 
a? dae _a+3a 10. 


103 


ce ae TED 3 $ 
: == Fac —et2 a 
ae 5 V2 ax Paar vers 


Smee Pe a ee 
104. (eee de = V2 aw — 2 + avers" eA 
x a 


02 » 2 
105. i — dea Ne ee, 
a y a 


106 


107. 


108. 


oY 


(fe aw — a 4, (2ae — aye 
. oe heaped 


SO 


f dx bs x—a 
(Qae—a\t %V2an—a 


f x da S x 
(2 am — 2°)3 a/2 ame — x 


109. fF@ V2a0%—2") du= { F@-+a, V a? —z*) dz, where z=x— 4G. 


110. 


111. 


aa 
————. = log (a@+a+v2 aa + 2”). 
ib \ 2) 


SFG V2 ax-+0") da= {F@—a, V2—a*) dz, where z=a-a, 
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EXPRESSIONS CONTAINING @ + bw + ca? 


| dee 2 Den ab 
TL: SS s SS" a EES SN cet Wie 
a+be+cv? /dac—b? V4 ac — b? 
113. = s hee ENS. when 
Vb? — 4 ac 2ce+6b+~Vb? —4ac 
b> 4ac. 
114. So ee weed, 
a+be—ca V/P+4ac Ve +4ac—2Qca+b 


eee Oe 1 io 2eu-+b+2Veva-+ ba + cx 
Ree Ve a } 


126. {va + ba + ca? da 


=i Va + ba+ca?— AoA hog (2 cx+b+2VeVa + bu + cx’), 
8c 


117. dx eis re Zca—b_. 


an eee Ve Vb? + 4ac 
118. [Vat bac de 
= 20) Vat beet 2 TEM Gerd 80 i 2cx—b 


Ber Ve 4 4ae 
119. (— 
Va+ ba + ca? 


= Varbat or © og Qon+b+2VeVa-+ be + ce). 
Cc 22 
_Vap Rene, Y gps 2on— db 


jp Vad be =a. c oc V+ 4ac 


120. 


OrnerR ALGEBRAIC EXPRESSIONS 


ai. f/ \" * © dn = Vata +2) + (aD) log (VaFa-+VO+A) 


ie if a eee V(a—2)(b +2) +(a + b) sin 2th 
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ate (ern . “1 2=2 
123. {ye (a + @)(6 — x) —(a + 6) sin TED 


124. Vit 2ae=— Vina + sine. 
——<4U 


dx : c— a 
125. = 2 -1 Se 
epee 


EXPONENTIAL AND TRIGONOMETRIC EXPRESSIONS 


126. fede= Gis 
log a 


NT fe IP, 129. sin «daw = — cos 2. 


128. e** da = ak 
a 


130. feos eda = sin x. 
131. franede = log seca = — log cosa. 


132. fect x de = log sin x. 


133. fee | eee log (sec @ + tan x) = log tan & ~ : 


COS @ 


134. feosee a dar =f gs = log (cosec # — cot x) = log tan Ss, 

sin x Os 
135. frcctade = tan 2. 136. cosec? ada = — cots. 
137. f sec x tan wda = sec a. 


138. f cose x cot edx = — cosec x. 


139, fsinteds aS ; -} BRey 


140. 


141. 


142. 


143. 


144. 


145. 


146. 


147. 


148. 


149. 


150. 


151. 


152. 
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fcosta da =$4Jsin 2 &. 


i in” 1 . 
fosinte dv = Ss X COS & 


nr 


cos”1 a sir 
fcostede = ee eee 


nN 


COS & 


heres 1 [ mte da. 
hi : 


—1 mai cos"? a da. 


sin” x nl gnestee 


4% — = (=~ 
n—1J sina 


Gin ek sinw ,n—2 da 
COSED 7) — COS ast ne) COSTS ar 
2 cos” 1a sin"tl ay = - 
Hf cosa sin"ada = E m — 1 cos”—? @ sin"a da. 
m+n m+n 
freosta sin” w da 
Silt uw COS tLe il : 
= cos” @ sin” 2a da. 
m+n m+n 
ff da 
sin” @ cos” a 
en! i m+n—2 da 
m—1 sin” *2zcos"* 1a n—1 sin” @ cos”? a 
sin” @ cos” x 
es 1 il 4m Ahi mtn 2 (__f __ 
m—1 sin”™'2z cos" x ij =A SU ae 2 cos” a 


fee dae _ cos™tla m—n+ =m es da 
sin” & (mn —1)sin" x n—1 sin”? a 
fe dit cos" x m—1 (cos™ *ada 

sin” & (m—n)sin"*2# m—n sin” & 

. cos"*} a 
fosin x cos" % da = — 

n+ aay ie 
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n-1 
153. [fian'ed: =a [tan teda, 


159. 


160. 


161. 


162. 


163. 


164. 


aes 


n-l 
: freott ede = — co f cot tede. 


we 


2(m +7) 


; ; sin(m-+n)% , sin(m—n)& 
_fosin mesin Mf Nes 4 sin (m—n) x, 


2(m — n) 


sin(m+n)a , sin(m—n)& 
{cos marcos nada = (m+ whe ( 2 


2(m +) 2(m — n) 


vbi— a? atans +0+VP—a 


a 


a+ n? 


2 


fe PERF es e* (sin & — cos & ; 


fe rane ie e*(nsin na + A COSN®) , 


fe cos ada = 


az a, n2 ? 


e” (sin w+ cos @) 
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dx 1 btan x 
A = ta: ay eee ° 
sf a’ cos?a + b?sin’x ab : ( ) 


ifs ate e(a@ SIN NY — N COS Ne) , 
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fsin meeos nw dy = — COS im+n)u% _ cos (m—n)a 
2(m + n) 2(m —n) 
hy 2 a A 
: = t; =] t x h ; 
Naar a2 — b? oe ( a+b an 5) when a> 
1 Vb—atan = +Vote 
= log , when a<b. 
Ve—a? Vb—atan 5—Vo-+a 
5) 
dz 2 Barn 
—_—_____—— = ——_— tan !|___—___., whena>B. 
a+bsinx /g?—>? Veo 
atan® +b—-VP—a 
1 2 
i log , whena<b. 


ANSWERS TO THE EXAMPLES 


CHAPTER II 
Art. 12 
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CHAPTER III 
Art. 18 
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th 22, 22%, - ae, 2a, 528, 228, Aut, 
Va 
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Art. 19 
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be 2 aed 
8. 4a2— a+ 5a, xt-22? 4 208, 
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4. 914157445846, or (8+ 50)? +6, ae— tas 
sin 6 — cos 0. 


e3 + Fa 


ax 2 3e¢ Ob Po 
Bac yn 208 re” hee hates 
a 2 Dp 
6 sinmex cos8a@ tan2% cot(m+n)x 
: ; = So 
m 3 2 m+n 


1. = log (a + ba), Llog (4 +3v%), — blog (5 — 22+). 
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4 3 4 
Art. 20 


1 a S 
ay) ts(2 + 32)°, 


5 3 
8. 2(@+a)*, }@+a)’, log@+a), 2ve+a, Sie 
Pe (Sa) 
9. sin(a +a), tan(a# +a), —1tan(4—3z2), — F008 (a + be). 


ee nen 
2 sin? x 


ae 


10. 2sin”, Let, —3e 
2° : 


4 9 p 

Ml. fy 4e—Ba)a+ay*, (at ba) (2 be — 3a). 
12. logtan-1%, sinloga, ~n cot’. 
nr 


13. “(a4 bz), 2(a+dx)8, “(at by)’. 
4D 5D 3b 


14. asin-122@ 1. 


15. —cosec?a, 4sino@ — 3sinté+ 4sin? 6+ 11sin?6+42sin0, itant¢ 
— ftan?¢ + tan?¢ + 9tan ¢. 


Art. 21 
§. xsin-lye + V1 — «2. 12. et tan-! 7 — a 


Ge Cotati 108 Lots) 13. x[(log «)? —2loga + 2]. 


. af Rie Sal \. 14. sin @ (log sin 6 — 1). 

loga (log a)? 15. tana (log tan x — 1). 

2 20 2 at : 

8. arf © \. 16. — [(logx)? — Lloga + 1}. 

loga (loga)? ' (log a)s git TEES 
9. wtan-!xv —ilog (1 + 2). We em (ma — 1). 

m 

10. 2cosx+ 2xsin a — x cosa. m 

: : : Isc 2” ez: log ggeads s\y 
11. x*sine + 2% cosa» — 2sina. m+1 m+1 
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Art. 23 
6. log (2%—5+42 x = Sie We log (72 +V7 7 x2 + 19), 
8. Sei. Ce +1+V3V3 at + 24? —1), 
2V3 
x—1 za 
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12. sin-!?——. é 
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16. ——log4— ae 28. —_ vers-142. 

Sr y+v8 V6 5 
1 : 

Lie 2 log sin aa. 99. Ltan-12 | +3. 
1 : 

Se ey: 30. log tan : + log sin 6. 

19. Zh tan-1 ge 1 Ses 
v3 v3 $1. — log (a@2a+b+aVarx?+2 be+e). 
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pee te 82. V2? —1 +4 log (@ + V2? — 1). 

Art. 24 
a8 y? RPL eee oe 
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1. acxe, ymin, (m+ nyomtnt? 3) pigwab 
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5 4 2 
2. Lot 4a% — 203 41523, Tas — 136 q3 4 381 
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15. 


16. 


17. 


18. 
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23. 


24. 


26. 


27. 
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22 | 202 8x + 25 log (@ +2), 5+ 2462+ 5log(z—2), 
24 + 6 log 3. 
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ae D alee eee oe 9 ave Gant 
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x8 3 x2 6a 6 
a — cos 2(1 — log cos x 
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cot x(1 — log cota). 
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—-*_{ (log)? + Zloga +5}. 22. tan x —cotz + 2 log tang. 
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ee, 25. 0. 28. ) sec” —llog (a4 VE @ 
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0 4 
a log tan ($ + a + b log sin @. 29. 1 flog (@ + Va? + a®)}2. 


gel ~~ 33845 Oa 
sin-1 iv. 30. log se Geey) 
1 y » sin g sec 
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31. lo er’ 37. 14 sin — (fa + 10) V4 — a, 
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* 4 2V3 seca +V3 
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39, log @ = V8, 
34, qlee vee. 2V5 et +5 
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36. blog tan(o =) 41. avi sin ( v2sin5). 
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45. —cosxcosy+c. a aii ees in ty 
CHAPTER IV 
Art. 29 
1. (a) 38; (b) 4. 6. 1. ll. 2. 
2. (a) 742; (0) &. 7. 25%. 12. } 77. 
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Art. 32 
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2. log 2— 3. 7. log &—4)*, 13. x?+log(#+1)3(%—4). 
w+2 (@ — b)® 


ae spe 
8. log (a+ 5)%(%—7)%, 8. log[V2a—1(a+2)), 1 Ft+5e—loga%(x+2), 
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Art. 35 
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. log (@+1+4+V2a+ 2%?) — 


qlog(S tet), W V2ax—% 
a ‘ ax 
1 log(# + Va? =#) 19 eee 
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Art. 44 
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"log eee, 27. Vat | 
a @ 

ave — 07 (20? — a?)4+— Ssin-12, 
a 

© /q — 92 (82+ — 2 a2a? — 8 at) ta = sin-} a 
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CHAPTER VII 
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(a) = COS HSIN Y (ging gy 4 8) 432. 
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4. 3 sinipu+ 9 sin? 
5. —4cosx — cos}. 
lgj 5 gin 2 
6. —isinag+ 3sin2”. 


CHAPTER VIII 
Art. 59 
5. 80. 


. The double infinity of straight lines y= cj%+ ¢2, in which ¢, ¢2 are 


arbitrary constants. 


5 USSG = 1). 


(A? — a?) (Bt — 2) 


4¢ 
. 2a tana. 
8 
we Chaaiers 


. 4a2(68 — a). 


. mao. 


. 212a2b. 


1 Bh. 


8. 1(m> — m°)(d — c) (6 — @). 9. r(B—a). 
Art. 60 
5. 143 ag’, 4. 6B3. 
6. +a 8. 32a’. 
Art. 62 
6. abe. 


90 
7. 4(r — 4)a8. 


CHAPTER IX 
Art. 65 


3. m=csinnd; r=csind; r= cd —cosd). 


Art. 66 
8 a2 3 a? 
eee 5. ra’ 6 
Art. 69 
4. 57a’. 
Art. 70 
5. 4 3arh. 7. (r—4)arh. 


6. 44 cubic feet. 8. rVpqg hi. 
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Art. 71 


9. Fes TTR ae +vy2+4a?, 
4a 2a d 


=Vaxet+ x2 sbi) log VirtVa+ x1 Va + 1, 
S = 2.29558 a. 


bh. Sese! a( cos 2 — cos 2 ) ; length of a complete arth = 8a. 
6s = 60; 


Art. 72 


Sood: 4. S| Ovi + oP = Di Lee + log 2+ VI Oa), 
A+V1+ 6 


5 Vere Vere re + alog (net ve tn), 6. faa. 
r2(@ + Va? + 71?) a 


t 2a{ vE—2—vilog VE+¥_ |. 
V2(2 + V3) 


6 0 6 
8. s=atan H seo + alogtan (+5); s = 2a( seo + log tan x). 


Art. 73 
1. s=7r¢. 2. s = 4a(1— cos). 
0 
3. (1) s=4a(1—cos¢); (2) s=4asin¢. 


4. (1) s=ptan¢sec ¢ + p log tan (£42); 


(2) s=p tan (0+) seo( +2) +p log tan (£452) —pv2—p log 2pv2. 
§. 9s=4a(sec? — 1). 8. s=clogsec ¢. 


lor Pm 
6. s=alog tan($ ae res 34 sin? g. 


7. s=a(e?—1). 


ba te 


15. 


16. 


2 
BED (UG See 


COS~ 


Va? — b? 


2nab(Vvi-e +50 —*), 
€ 


ANSWERS 
Art. 74 
a or 8. $ra?(a+a)? 
a 1 
4. 2na?(1 = 
e€ 
5. 12 3a. 


in which ¢ is the eccentricity, 6. ™(™—2)a@% 
7 


82 ma? 
Art. 75 
2(m — 2)a2. ayaa: 
VAB 
Art. 76 
1 
ae GORY. 10, = — 1¢, or 32.704. 
a 7. .6366 a. = 
(@) 925 (©) 122 ils, 2Gike 
(c AT at 8. .6366. 
60 b2 9. 1.278 a. 
Art. 77 
a. 3. 3a 5. ga 
2 4. 2 6. 4a 
Page 164 
4 rae. 
2 
Volume = 47a%b; surface = 2 7a? + mvt log + a os in which e is the 
é — 


eccentricity. 


2 <V/ 2 
r{ (2-42) Vae+ at —Flog2S OTE ORE \. 


a 

4 1?a3. 5. rbVa2 + 62. 6. 472ab. 

4 ab? cota. 8. ¢arh. 

Volume = 18 @; surface = 8 a?. 10. 3 7a’. il. 4 7a’. 
2 si sin a cos? a 

Volume = 2 ra°( ea so _ acosa |; 


surface = 4 7ra2(sina — a cosa). 


Volume = 72a3; surface = 3? ma?. 14. Surface = 54 ra?. 


Volume = na°( 


nan (10 — 32). 


3m? 8 
2 


) surface = 8 7a?(m — 4). 


17. py (302 +4 ab + 8b2)h. 


18. 


20. 


22. 


12. 


13. 


15. 


rie G 


20. ° 
21. 


13. 


14. 


ANSWERS 279 


2av3. 19. s=vVb? 4+ y4 b log NUE Dyers b= : 
y log a 
8 ak 7 — 
SCE oie (ye Fy 27 = 1). 
@ 3v3 
2 

log V3. 93, 22, oa, 3a 95. (G2 +4)? — 8). 

2 2 3 

CHAPTER X 
Art. 79 


The density at a point three fourths of the distance from the vertex to 
the base, namely, 2Xh. 


= th. % 2=2h; = sh, 
P= y= 4 o. Oa: ik eh 
Mass = 2 ka, if density = & distance. 

Mean density = .4244 max. density. 

Center of mass is at y = 0, @ = $, ra = .589 a. 


a0 = ee Te aye? 

3 a 380 30 
(a) B=$h, 7=05 
(b)& =th, ¥ = ?&, in which & is the ordinate corresponding to « = h. 
E=9= 3-2 18. €=y=1a 19. = 4a,7=0 
C=—2¢, 7=0. 24. Ata point distant 2a from the base. 
tN Oe 25. £=—3a,y=9. 

Art. 80 


(In the answers M denotes mass) 


If a is the radius, J= } Ma?, k =“. 


V2 
p— WG +), Gop, q. 0. 
12 Vb 20 


(QO) = 2A (Dd) =U 8 (O) UES Uy 
Hes A m 10. J=4M (62+ c*). VO Ti GR NY ee aie 
l=—— @ =? Mo?, since M=2ka® by Ex. 12, Art. 79. 


15 

2 72 2 Pp 

; ka =. i mer Be + l ) or u(y te zi 
2 v2 “ 2 


280 ANSWERS 


CHAPTER XI 


Art. 82 
1 2 1.8-99 1.8.5.a)8 
35 : CG 
Ee yo Sad *o4 16 ee 
i) eh Wat ae Wo Bids 
pee an | | ee ae C. 
is Gm owied To A016, ae 


4 
5. 2a3 (1 —ta?— A at— Are +--) +e 
Co ag! — tee pe 
calf ie ny HO eee DO— qew a2" 
ey & qm+n 1.2.¢ oa ae 


= in?@ , 1-3 sinte 
8. avsine (145 es eee +-)+6 


5 2-4 9 
®. legate Bo ante 
. logx+«+—+———_ 4... : 
‘ 1-22 1.2.3 
Q2 17 83 
10. | mae me ane er 
pou 1 +1093 Tarsee 2 
3 ft 
u x x x 
“setae ait t 
Art. 83 
eae coals eee 1.3+-(2n—1) gents 
2. sina =e +=. ene es : 
2 aw 4 oe - 2-4.--2n 2n+1 
2 3 4 
5. log (1 “ as a oe 
DU oie es ge 
2 3 4 
saver il cs GON ee ee ence. 
8 ( ) ho ® 3 4 
; ib oS oS gS Wools ay 
6. lor @+ vil — 22) =a ——-= és = : ie 
Baits) Pe oed G ho maee a 
CHAPTER XIII 
Art. 97 
_ dy ,dy_ [dy\8 {Py me 
eg ats alee Cee pee ae a 
| OO aay es 
5. (1 2) (on) +1=0. te aa t my = 9. 
Art. 98 


2 yVl—a#+avi—y=c. 3. tany =c(1 —e*)3, 
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Art. 99 


xs 
. ey? = 8 (e+ 2y). 3. y= ces, 
Art. 100 
3 
: aa — F — ay? — ay = 0, 2. w— 6a*y—6ay?+y2=C. 


. wy2 + 4ady — 4ay3 + y8 — wey + ey + at =. 


Art. 101 
2. 2alogx+alogy—y=c. 3. o2—y?-—1Ll=cx 
. wer + my? = cx. 
Art. 102 
. Y=(e+ ce. 4. y(a?4+1)?=tan e+e. 
1 
pel + ce*). 5. wy =axr+c. 
Art. 103 
: Ty8 cus — 398, 3. yi =o — at 2 
60 y3(@ + 1)? = 10 46 + 2445 + 15a + ©. 
Art. 104 
. 8438(y + ¢)3 = 27 ax’. 8. (Yy¥—c)\(ytv—ocay+cy+1)=0. 
Art. 105 
. log(p — x) = —— Paid, with the given relation. 8. x=logp?+6p+e. 
Art. 106 
Pp =e aL 
. y=c—alog(p—1), s=c+a leg oT 2. y—c= Vx—x?—tan-! a 
Art. 107 
3. y=cx+sin-le. 4. y= on +, 5. 2 = cx Ire, 
Art. 108 
. The catenary y = 1 (ea +e =) or ¥ =cosh-1” 
a a 
. The envelope of the family of lines y = cx + ace namely the parabola 


(@—y)?-2a(4+y)+¢7=9, 
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ee GRE fare 


oe 


. The confocal and coaxial parabolas 7 = 


ANSWERS 


2 


The envelope of the lines y=cxa+-aV1+c?, namely the circle 2+ y?=?. 

The circles a? + y? = 2 cx. 

The circles «? + y? = k?. 

The circles which pass through the origin and have their centers on the 
y-axis. 

The rectangular hyperbolas x? — y? = c? whose axes coincide in direction 
with the asymptotes of the former system. 

e+ y2=2a*logx +c. 


The system of circles 7 = c! sin @ which pass through the origin and touch 
the initial line. 


TECOSNO= eC, 
2¢ 
1—cosé@ 


The system of curves r= c"sinné; 72 = c?sin2 6, a series of lemnis- 
cates having their axis inclined at an angle of 45° to that of the given 
system. 


Art. 109 


o=—Lsinnt + At+ B. 4. y=}? (1-42). 
nN 
5. y= wet — Bet + Cx? + Cod + Cz. 
| mam+n 
m+ n 


e=tgt?+ At+ B. 


Y = Cy + Co + Cg? + e+ CN -1 4 


Art. 110 


ue 1g (vers 22 r) Vana. 


Nou 2 a 


ax = log (y + Vy? + ¢1) + Ce, or y = cy/e* 4 Cole, 


Art. 111 
5 
e-Y = (1% + Co. 3. 1by=8 (e+ C1)? + Cot + Cz. 
Art. 112 
y = cy log x + Ce. 2. y=, Sin ax + Cy COS ae + C3u + C4. 


y? = ae + Cu + Cg. 
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Art. 114 
She hiss et = ¢3e- 4. 
4. y = cye-™ + e*(cg cos V3 % + cg sin V3 2). 
5. y = cye-* + Coe 2 + c3e2*. 6. y = c1e-* + coe + ce. 
7. y= cye™ + coe—™ + cg sin(ax + a). 
Art. 115 
2 y= Cy + e-*(Co + Cae). 8. y= e-™ (Cy + Coe + Cgu?) + cge*. 
Art. 116 
35 y=cit fier. 4. y= “(C1 + cz log x). 
5. y = x7 [¢1 + Co log x + cg(log x)?]. 
Page 227 
2. y2 = 2 xy dy + 42, 12. y-"+H=ce(m—Nsinz + 2 gin en 
dc n—1 
8. tanxz tan y = k?. 13. Jaay 14+ ce’. 
2 3 Dera 
pee aes 14. y=c, «ty=c, xyte?+y2=6. 
6. wy¥(e—y)=Ce. b 
6. ax? + bay tcy>+gr+ey=k, 15. 2y= cx? +. 
i 
7. x= cyer 16. y2=2cx + c2 
ha py — L 3 
* Pt ae 17. e& =ce*+ c?. 
y 18. (ce + @)? + a= cy’, 
ay 1 
SR tes Free 19. y= ¢1 + Cou + cge% + cye-2*, 
10. y = tana — 1 + cemtanz, 20. y = Ce — sin“! cye™. 
ll. y=ax+ cx V1 — 2. 21. y=cye-* + co + her 
22. y= cje-* + e( es cos ae + ¢3 sin ). 
23. y=csin (ne + a) (ax + B). 
24. y = e* (cy + Cox) Sin x + e7(Cgz + C4X) COS H. 
25. y= Cy + Cot 4+ 67 (C3 + C40). 
26. y= 2(c, cos logx + cysin logx) + ega-h 
27. y =(¢1 + & logz) sin logx + (¢3 + c4 log %) cos log x. 
2 
28. Ely =o(% “ + cyt + 2 
29. Bly =— yb "4 oyr8 + Cot? + C3” + Cy. 
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INDEX 


[The numbers refer to pages. ] 


Algebraic transformations, 103, 105, 107, 
108, 113. 
Amsler, 188. 
Amsler’s planimeter, 189. 
Angles, use of multiple, 114. 
Anti-derivative (anti-differential), 1, 5, 
7, 11, 12, 14, 21, 25. 
Applications to mechanics, 167. 
Approximate integration, 177-189. 
rules for, 181-188, 235. 
Areas, change of variable, 141, 142. 
derivation of integration formule 
for, 9) 2%. 
oblique axes, 140. 
polar coordinates, double integra- 
tion, 139. 
polar coordinates, 
tion, 135. 
precautions in finding, 63. 
rectangular coordinates, 58. 
rectangular coordinates, double in- 
tegration, 126. 
rules for approximate determination 
of, 181-188, 235-237. 
surfaces of revolution, 152-156. 
surfaces z= f(x, y), 156-160. 
Auxiliary equation, 223, 224. 


single integra- 


Bernouilli, James and John, 2. 
Bertrand, 237. 
Boussinesq, 186. 


Cajori, 2. 
Cardioid, area, 138. 
center of mass, 173. 
intrinsic equation, 151. 
length, 149. 
orthogonal trajectories, 216. 
surface of revolution, 156. 
Carpenter, 189. 


Catenary, area, 76. 
intrinsic equation, 150. 
length, 147. 
surface of revolution, 156. 
volume of revolution, 77. 

Center of mass, 168. 

Change of variable, 41. 

Circle, area, 61, 139, 140, 141. 
evolute of, 166. 
intrinsic equation, 151. 
length, 146, 149. 
orthogonal trajectories, 217. 

Cissoid, center of mass, 173. 
length, 149. 
volume of revolution, 77. 

Clairaut, 213. 
equation of, 213, 

Complementary function, 222. 

Cone, center of mass, 172. 
moment of inertia, 175. 
surface, 164. 
volume, 71, 73, 143. 
volume of frustum, 77. 

Conoid, volume, 143. 

Constant of integration, 22. 
geometrical meaning of, 23. 
two kinds, 25. 

Convergent, 178. 

Cotes, 236. 

Curves, areas of, oblique axes, 140. 
areas of, polar coordinates, 135-140. 
areas of, rectangular coordinates, 58. 
derived, 29. 
derivation of equations of, 25, 26, 75, 

134, 214-217. 
integral, 33, 190-200, 240-245. 
intrinsic equations of, 149. 
quadrature of, 58. 

Cycloid, area, 141. 
intrinsic equation, 151. 
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Cycloid, length, 147. 
note on length, 144. 
volume of revolution, 142. 
volumes and surfaces of revolution, 
165. 
Cylinder, 143. 
moment of inertia, 176. 


Density, 167. 

Derived curves, 29. 

Derivation of equations of curves, 25, 
26, 75, 134, 214-217. 

Derivation of fundamental formule, 48. 

Differential equations, see Equation. 

Differential, integration of total, 52. 

Differentiation under integration sign, 
190. 

Durand, 186, 187, 190, 237. 


Equations, homogeneous in x, x, 205. 
linear, constant coefficients, 223. 
linear, homogeneous, 225. 
linear of first order, 208. 
linear of nth order, 222. 
linear, properties of, 222. 
of order higher than first, 218-228. 
reducible to linear form, 209. 
resolvable into component equations, 

210. 
solutions, general, 202. 
solutions, particular, 202. 
solvable for x, 212. 
solvable for y, 211. 
variables easily separable, 205. 

Evolute, of circle, length, 166. 
of parabola, length, 165. 

Expansion of functions in series, 179. 

Exponential functions, 117. 


Figures of curves, 246-248. 
Fisher, Irving, 30. 
Folium of Descartes, area, 138. 
Formule, areas, 9, 27, 137, 139, 141. 
lengths, 145, 148. 
of approximate integration, 183, 185, 
186, 187, 235-237. 
of integration, fundamental, 37,47, 48. 
of integration, table of, 249-262. 
of integration, universal, 39, 44. 
of reduction, 46, 93, 94, 95, 101, 102, 
106, 110, 231-234. 
surfaces, 154, 155, 157, 158. 
yolumes, 70, 130, 143. 


INDEX 


| Fourier, 9. 
| Fractions, rational, 78-83, 229-231. 
Functions, irrational, 84-99. 
trigonometric and exponential, 100- 
118. 


Geometrical applications, 58-77, 126-166, 
214-217. 
meaning of constant of integration, 
23. 
principle, 7. 
representation of an integral, 14. 
Graphical representation of a definite 
integral, 73. 
Gray, 189. 
Gregory, 180. 


Hele Shaw, 189. 

Henrici’s report on planimeter, 189. 

Hermann, 188. 

Hyperbola, area, 68. 
orthogonal trajectories, 217. 
related volumes, 77. 

Hyperbolic spiral, area, 138. 
length, 149. 

Hypocycloid, center of mass, 172, 173. 
intrinsic equation, 152. ; 
length, 147. 
surface, 156. 
volume of revolution, 76. 


Integrable form, 37. 
Integral, complete, 203. 
Integral curves, 33, 190-200. 
applications, 195-198. 
applications to mechanics, 195, 240- 
242. 
applications to engineering and elec- 
tricity, 242-244. 
determination of, 198. 
relations, analytical, 192. 
relations, geometrical, 194. 
relations, mechanical, 195. 
Integral, definite, 8. 
definite, evaluation by measuring 
areas, 181. 
definite, geometrical representation, 
14. 
definite, graphical representation, 73. 
definite, limits, 9. : 
definite, precautions in finding, 67. 
definite, properties, 15. 
definite, relation to indefinite, 24, 


INDEX 


Integral, elliptic, 147, 180. 
general, 23. 
indefinite, 22. 
indefinite, directions for finding, 54. 
multiple, 120. 
name, 1, 21. 
particular, 23, 204, 222. 
Integrals, derivation of, 48. 
fundamental, 36-38, 47. 
table of, 249-262. 
Integraph, 198, 200. 
theory of, 244. 
Integrating factors, 207. 
Integration, aided by changing variable, 
41, 141. 
approximate, 177-189, 235-237 
by parts, 44, 46, 100, 231, 233. 
constants, 22, 202. 
definition, 1, 18, 21. 
derivation of reduction formule, 231, 
233. 
fundamental formule, 37, 47. 
fundamental rules and methods, 36. 
in series, 177-179. 
mechanical, 188, 189, 200. 
of a total differential, 52. 
precautions, 63, 67. 
sign, 2, 21. 
signs in successive integration, 125. 
successive, one variable, 119-123. 
successive, two variables, 123-125. 
universal formule, 39, 40, 44. 
uses of, 1. 
Intrinsic equation of a curve, 149. 
Irrational functions, 84-99. 


Jevons, 30. 


Lamb, 237. 

Laurent, 180. 

Legendre, 180. 

Leibniz, 2, 59, 144, 180. 

Lemuniscate, area, 157. 

Lengths of curves, polar coordinates, 147. 
rectangular coordinates, 144. 

Limits of a definite integral, 9. 

Logarithmic curve, area, 76. 
length, 165. 

Logarithmic spiral, area, 137. 
length, 149. 


Markoff, 186. 
Mass, 167. 
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Mass, center of, 168, 169. 
Mean value, 17, 160-164. 
definition, 163. 
Mechanical integration, 188-189, 200. 
Multiple angles used, 114. 
integral, 120. 


Neil, 144. 
Newton, 2, 59, 73, 144, 180, 236. 


Oliver, 4. 
Orthogonal trajectories, 214-217. 


Parabola, area, 5, 14, 59, 68, 76, 126, 138. 
center of mass, 173. 
derivation of equation, 26. 
intrinsic equation, 151, 152. 
length, 146, 149. 
length of evolute, 165. 
orthogonal trajectories, 216, 217. 
semicubical, area, 68. 
semicubical, intrinsic equation, 152. 
semicubical, length, 144, 147. 
surfaces of revolution, 155, 164. 
volume of revolution, 71, 77. 
Parabolic rule, 184, 186, 236. 
Paraboloid, center of mass, 173. 
volume, 131, 143. 
Pascal, 59. 
Planimeter described, 188, 189. 
theory of, 237. 
Pyramid, volume, 143. 


Quadrature, 58, 73. 


Range, 161, 163. 
Rational fractions, 78-83. 
decomposition of, 229-231. 
Reciprocal substitution, 84. 
Reduction formule, 46, 93-95, 101, 102, 
106, 110, 231-283. 
Roberyal, 58. 


Signs of integration, 2, 21, 125. 

Simpson, Thomas, 184. 
one-third rule, 182, 184, 186. 
three-eighths rule, 236. 

Slope of a curve, 25, 

Solids of revolution, surfaces, 152-156. 
volumes, 69. 

Solutions, general, 202. 

Sphere, surface, 155, 158. 
volume, 131, 132, 133, 143, 164. 
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Spheroid, surface, 155. 
volume, 72. 
Spiral of Archimedes, area, 138. 
length, 149. 
Substitution, 41, 54. 
reciprocal, 84. 
trigonometric, 85. 
Summation of infinitesimals, 1, 2, 234, 
235. 
Surfaces of revolution, areas, 152-156. 
volumes, 69. 
J(@, y, Z) =0, areas, 156-160. 
S(«, Y; 2) = 0, volumes, 126-133, 128. 


Table of integrals, 249-262. 
Torus, surface, 164. 

volume, 143. 
Total differential, integration of, 52. 
Tractrix, intrinsic equation, 152. 
Trajectories, orthogonal, 214-217. 
Transformation, algebraic, 103, 105, 107, 

108, 113. 


INDEX i 


Trapezoidal rule, 182, 186, 236. 
Trigonometric functions, integration of, 
100-118. 
substitutions, 85. 


Undetermined coefficients, use of, 93, 109. 

Universal formule of integration, 39, 40, 
44, 

Uses of integral calculus, 1. 


Volumes, of revolution, 69. 
polar coérdinates, 131. 
rectangular coordinates in general, 
128. 


Wallis, 59, 144. 
Weddle, 236. 
Williamson, 180, 235. 
Witch, area, 64. 

volume, 164. 
Wren, 144. 
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AN INTRODUCTORY COURSE IN DIFFERENTIAL EQUATIONS FOR 
STUDENTS IN CLASSICAL AND ENGINEERING COLLEGES 


234 pages. $1.90 


‘The aim of this work is to give a brief exposition of some of the devices 
employed in solving differential equations. ‘The book presupposes only a knowl- 
edge of the fundamental formule of integration, and may be described as a 
chapter supplementary to the elementary works on the integral calculus.’ 

— Hetract from Preface. 


In use as a text-book in Johns Hopkins University, Baltimore, Md.; Van- 
derbilt University, Nashville, Tenn.; University of Missouri, Columbia, Mo.; 
Purdue University, La Fayette, Ind.; Wesleyan University, Middletown, Conn. ; 
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“We commend the book as providing an excellent introductory course in 
Differential Equations.’ — American Mathematical Monthly, June, 1897. 


“The book seems to be an excellent practical introduction to differential 
equations, containing a well-proportioned and suitable treatment of most of the 
topics which the student needs in his first course in the subject, and of these only, 
a good variety of exercises, and enough historical and bibliographical notes to 
suggest further reading.’ — Bulletin of the American Mathematical Society, 
March, 1898. 


“The work, which we have read with considerable interest, assumes in the 
reader little more than a knowledge of the fundamental formule of integration, 
and brings in many practical applications well adapted for the class of students 
for whom it is intended. The rigorous proofs of many of the theorems are 
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cal notes scattered throughout the text, and there are full indexes of names and 
of subjects which add to its utility.’ — The London, Edinburgh, and Dublin 
Philosophical Magazine, October, 1897. 
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subject of differential equations which they are likely to want in applications of 
mathematics to physics, and in the general courses in arts and science in ‘‘ clas- 
sical’”’ colleges. The author is chiefly occupied with giving expositions of the 
devices usually employed in the solution of the simple differential equations 
which such students meet. with, and he will be found a safe guide in these mat- 
ters. He follows the plan, which most recommends itself to teachers, of omitting 
theoretical considerations, or postponing them until the student has had practice 
in carrying out the processes with which he must be acquainted before the theory 
can be understood.’ — Nature, 10 Feb., 1898. 


‘The subject is explained in a simple and intelligible way; and a very large 
number of references and interesting historical notes are given, which cannot 
fail to excite the reader’s ambition to learn more of the subject. Another feature 
is that in some cases a theorem is only stated, while the proof is postponed to a 
note at the end of the book. This plan, if not employed too often, seems a good 
one; and in the case of difficult theorems it would be well if it were more com- 
monly adopted.’— The Educational Times, 1 Noy., 1897. 


LONGMANS, GREEN & CO., Publishers 
91 & 93 FirtH Avenuz, New York 


AN ELEMENTARY TEXT- 
BOOK OF THEORETICAL 
MECHANICS 
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$1.50 


ERRILL’S MECHANICS is intended for the upper 
classes in secondary schools, and for the two lower 
classes in college. Only a knowledge of elementary 
algebra, plane geometry, and plane trigonometry is required 
for a thorough comprehension of the work. 

{| By presenting only the most important principles and 
methods, the book overcomes many of the difficulties now 
encountered by students in collegiate courses who take up 
the study of analytic mechanics, without previously having 
covered it in a more elementary form. It treats the subject 
without the use of the calculus, and consequently does not 
bewilder the beginner with much algebraic matter, which 
obscures the chief principles. 

§| The book is written from the standpoint of the student 
in the manner that experience has proved to be the one 
most easily grasped. ‘Therefore, beyond a constant endeavor 
to abide by the fundamental precepts of teaching, no one 
method of presentation has been used to the exclusion of 
others. The few necessary experiments are suggested and 
outlined, but a more complete laboratory course can easily be 
supplied by the instructor. 

€| The explanation of each topic is followed by a few well- 
chosen examples to fix and apply the principles involved. A 
number of pages are devoted to the static treatment of force, 
with emphasis on the idea of action and reaction. Four- 
place tables of the natural trigonometric functions are included. 
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